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ABSTRACT
We analyzed optical, UV, and X-ray light curves of 14 recurrent and very fast novae in our galaxy,
Magellanic Clouds, and M31, and obtained their distances and white dwarf (WD) masses. Among
the 14 novae, we found that eight novae host very massive (& 1.35 M⊙) WDs and are candidates
of Type Ia supernova (SN Ia) progenitors. We confirmed that the same timescaling law and time-
stretching method as in galactic novae can be applied to extra-galactic fast novae. We classify the
four novae, V745 Sco, T CrB, V838 Her, and V1534 Sco, as the V745 Sco type (rapid-decline), the
two novae, RS Oph and V407 Cyg, as the RS Oph type (circumstellar matter(CSM)-shock), and
the two novae, U Sco and CI Aql, as the U Sco type (normal-decline). The V light curves of these
novae almost overlap with each other in the same group, if we properly stretch in the time direction
(timescaling law). We apply our classification method to LMC, SMC, and M31 novae. YY Dor,
LMCN 2009a, and SMCN 2016 belong to the normal-decline type, LMCN 2013 to the CSM-shock
type, and LMCN 2012a and M31N 2008-12a to the rapid-decline type. We obtained the distance of
SMCN 2016 to be d = 20± 2 kpc, suggesting that SMCN 2016 is a member of our galaxy. The rapid-
decline type novae have very massive WDs of MWD = 1.37− 1.385 M⊙ and are promising candidates
of SN Ia progenitors. This type of novae are much fainter than the MMRD relations.
Keywords: novae, cataclysmic variables — stars: individual (RS Oph, U Sco, V745 Sco, V1534 Sco)
— stars: winds
1. INTRODUCTION
Type Ia supernovae (SNe Ia) play a crucial role in as-
trophysics, because they are used as standard candles
to measure cosmic distances (Perlmutter et al. 1999;
Riess et al. 1998), and produce a major proportion of
iron group elements in the chemical evolution of galax-
ies (Kobayashi et al. 1998). However, the progenitor
systems have not yet been identified observationally or
theoretically (see, e.g., Maoz et al. 2014, for a review).
One of the promising evolutionary paths to SNe Ia is the
single-degenerate (SD) scenario, in which a white dwarf
(WD) accretes matter from a nondegenerate compan-
ion, grows in mass to near the Chandrasekhar mass, and
explodes as a SN Ia triggered by central carbon burn-
ing (e.g., Nomoto 1982; Hachisu et al. 1999a). The
WD mass approaches the Chandrasekhar mass just be-
fore a SN Ia explosion. One of the candidates for
hachisu@ea.c.u-tokyo.ac.jp
such SD systems is a recurrent nova, because their
optical light curves quickly decay and their supersoft
X-ray source (SSS) phases are very short compared
with other classical novae (e.g., Hachisu & Kato 2001b;
Hachisu et al. 2007; Ness et al. 2007; Schwarz et al.
2011; Pagnotta & Schaefer 2014). The nova theory
suggests that such very fast evolving novae harbor a
very massive WD close to the Chandrasekhar mass
(Hachisu & Kato 2006, 2010; Kato et al. 2014). In the
present paper, we analyze optical, near-infrared (NIR),
ultra-violet (UV), and supersoft X-ray light curves of
recurrent novae as well as very fast novae, and estimate
their basic properties including the WD masses to study
the possibility of SN Ia progenitors.
A classical nova is a thermonuclear runaway event in
a mass-accreting WD in a binary. A recurrent nova is a
classical nova with multiple recorded outbursts. Hydro-
gen ignites to trigger an outburst after a critical amount
of hydrogen-richmatter is accreted on the WD. The pho-
tospheric radius of the hydrogen-rich envelope expands
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to red-giant (RG) size and the binary becomes bright in
the optical range (e.g., Starrfield et al. 1972; Prialnik
1986; Nariai et al. 1980). The hydrogen-rich envelope
then emits strong winds (e.g., Kato & Hachisu 1994;
Hachisu & Kato 2006). After the maximum expansion
of the pseudo-photosphere, it begins to shrink, and the
nova optical emission declines. Subsequently, UV emis-
sion dominates the spectrum and finally, supersoft X-
ray emission increases. The nova outburst ends when
the hydrogen shell burning ends. Various timescaling
laws have been proposed to identify a common pattern
among the nova optical light curves (see, e.g., introduc-
tion of Hachisu et al. 2008b).
Hachisu & Kato (2006) found that the optical and
NIR light curves of several novae follow a similar decline
law. Moreover, they found that the time-normalized
light curves are independent of the WD mass, chemi-
cal composition of the ejecta, and wavelength. They
called this property “the universal decline law.” The
universal decline law was examined first in several well-
observed novae and later in many other novae (& 30 no-
vae) (Hachisu & Kato 2007, 2009, 2010, 2015, 2016a,b;
Hachisu et al. 2006b, 2007, 2008b; Kato et al. 2009;
Kato & Hachisu 2012). Hachisu & Kato (2006) de-
fined a unique timescaling factor of fs for optical, UV,
and supersoft X-ray light curves of a nova. The shortest
timescales (smallest fs) correspond to the WD masses
in the range 1.37 − 1.38 M⊙. Therefore, the shortest
fs systems are candidates for immediate progenitors of
SNe Ia (e.g., Hachisu & Kato 2001b, 2010, 2016a,b).
However, there are exceptions of fast novae that do not
follow the universal decline law. For example, V407 Cyg
outbursted in 2010 (e.g., Munari et al. 2011b) and
showed a decay trend of Fν ∝ t
−1.0 in the early V light
curve, as shown in Figure 1, whereas the universal de-
cline law of novae follows Fν ∝ t
−1.75, as in the early
decay phase of U Sco. Here, Fν is the flux at the fre-
quency ν and t is the time from the outburst. V745 Sco
is a recurrent nova and does not show a substantial slope
of Fν ∝ t
−1.75 in the early decay phase, but rather a
steeper decline of Fν ∝ t
−3.5, as shown in Figure 1. We
have to clarify the reasons for these exceptions and de-
termine the WD mass based on our model light curve
fitting.
Based on the universal decline law, Hachisu & Kato
(2010) proposed a method for obtaining the distance
modulus in the V band, µV ≡ (m−M)V , of a nova. One
nova light curve overlaps another with a time-stretching
factor of fs; the distance modulus (m − M)V of the
former nova is calculated from the distance modulus of
the latter. Hachisu & Kato (2010) called this proce-
dure “the time-stretching method” after the Type Ia
supernova community (Phillips 1993). This method
has been confirmed for many classical novae in our
galaxy (Hachisu & Kato 2010, 2015, 2016a,b). How-
ever, we have not yet examined whether the time-
stretching method is applicable to very fast novae, in-
cluding recurrent novae, both in our galaxy and extra-
galaxies.
It has long been discussed that the brightness of a
nova is related with the nova speed class (the decay rate
of the nova optical light curve). Several empirical re-
lations have been proposed so far (e.g., Schmidt 1957;
della Valle & Livio 1995; Downes & Duerbeck 2000).
Among them, the maximum magnitude vs. rate of de-
cline (MMRD) relations of recurrent or very fast no-
vae have sometimes been questioned (e.g., Shara et al.
2017), based mainly on the result of Kasliwal et al.
(2011). They claimed the discovery of a new rich class
of fast and faint novae in M31. Munari et al. (2017)
argued against the result of Kasliwal et al. and sup-
ported the MMRD relations. Hachisu & Kato (2010)
theoretically examined the MMRD law on the basis
of their universal decline law, and explained the rea-
son for large scatter of the nova MMRD distribution
(see also Hachisu & Kato 2015, 2016a). They con-
cluded that the main trend of the MMRD relation is
governed by the WD mass, i.e., the timescaling fac-
tor of fs, whereas the peak brightness depends also on
the initial envelope mass, which is determined by the
mass-accretion rate to the WD. This second parame-
ter causes large scatter around the main trend of the
MMRD relations. Thus, Hachisu & Kato (2010) repro-
duced the distribution of MMRD points summarized by
Downes & Duerbeck (2000). Hachisu & Kato’s (2010)
study was based on the individual galactic classical no-
vae.
In the present work, we study recurrent and very
fast novae and examine whether they follow a similar
timescaling law to classical novae. Do they follow the
universal decline law? Do they follow the MMRD re-
lations? If not, what is the reason? Do they belong
to a new class of novae, as claimed by Kasliwal et al.
(2011)? We choose 14 novae and obtain their WD
masses, distances, and absorptions. We also discuss the
possibility that they are progenitors of SNe Ia. Among
10 galactic recurrent novae (e.g., Schaefer 2010), we
select five galactic recurrent novae, V745 Sco, T CrB,
RS Oph, U Sco, and CI Aql, mainly because of their
rich observational data. We exclude the recurrent nova
T Pyx from our analysis because it is not a very fast
nova. Instead, we include three galactic classical novae,
V838 Her, V1534 Sco, and V407 Cyg, because these
fast novae have similar features to recurrent novae and
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Figure 1. Three template V light curves of the V745 Sco, RS Oph, and U Sco type novae. We add the V and IC light
curves of V407 Cyg and the Solar Mass Ejection Imager (SMEI) magnitudes (Hounsell et al. 2010) of RS Oph for comparison.
Each light curve is horizontally moved by ∆ log t = log fs and vertically shifted by ∆V with respect to that of V745 Sco, as
indicated in the figure by, for example, “RS Oph V+3.0, 0.50 t,” where ∆V = 3.0 and fs = 0.50. The data are the same as
those in Figures 3, 21, and 23. The filled black circles represent the V light curve of the V745 Sco (2014) outburst. The filled
red circles and open magenta diamonds denote the V and IC magnitudes of V407 Cyg, respectively. The blue dots and open
blue squares denote the SMEI and V magnitudes of the RS Oph (2006) outburst, respectively. The filled green triangles show
the V magnitudes of the U Sco (2010) outburst. The solid red line represents the decline trend of Fν ∝ t
−1.0, solid blue line
Fν ∝ t
−1.55, solid green lines Fν ∝ t
−1.75, and solid orange line Fν ∝ t
−3.5, where t is the time from the outburst and Fν is the
flux at the frequency ν. See the text for more detail.
have plenty of observational data. This paper is orga-
nized as follows. First, we identify three types of light
curve shapes for recurrent and very fast novae, V745 Sco,
RS Oph, and U Sco types (see Figure 1). In Section
2, we analyze the first group, i.e., the V745 Sco type,
V745 Sco, T CrB, V838 Her, and V1534 Sco, as the
rapid-decline type. In Section 3, we examine two no-
vae, RS Oph and V407 Cyg, as the circumstellar matter
(CSM)-ejecta shock (RS Oph) type. In Section 4, we
study two novae, U Sco and CI Aql, as the normal-
decline (U Sco) type. In Section 5, we analyze several
recurrent and very fast novae in Large Magellanic Cloud
(LMC), Small Magellanic Cloud (SMC), and M31, i.e.,
YY Dor, LMC N 2009a, LMC N 2012a, LMC N 2013,
SMC N 2016, and M31N 2008-12a. The discussion and
conclusions follow in Sections 6 and 7, respectively.
2. TIMESCALING LAW OF RAPID-DECLINE
NOVAE
We analyze the light curves of V745 Sco, T CrB,
V838 Her, and V1534 Sco, in this order. These novae do
not follow the universal decline law of Fν ∝ t
−1.75, but
rather decline much faster, as Fν ∝ t
−3.5 in the early
decline phase (see filled black circles in Figure 1). Thus,
we call them the rapid-decline (or V745 Sco) type novae.
V745 Sco, T CrB, and V1534 Sco have a RG companion
whereas V838 Her has a main-sequence (MS) compan-
ion. V745 Sco and T CrB are recurrent novae. De-
spite these differences, they show similar V light curve
shapes. Figure 2(a) shows the V and visual light curves
of these four novae on a logarithmic timescale. At the
first glance, these novae show different shapes. However,
V745 Sco and T CrB have similar shapes in the initial
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Figure 2. (a) V and visual light curves of four novae,
V745 Sco, T CrB, V838 Her, and V1534 Sco on a logarith-
mic timescale. Large symbols show the V magnitudes, and
small dots denote the visual magnitudes of each nova. (b)
The four V light curves overlap each other if we properly
squeeze/stretch the timescales and shift up/down the V and
visual brightnesses.
20 days, and V838 Her and V1534 Sco decline similarly
in the initial 15 days. If we stretch the first two light
curves in the time direction by a factor of 1.26, i.e., shift
them rightward by ∆ log t = log 1.26 = 0.1, and shift all
four light curves in the vertical direction, these four nova
light curves almost overlap with each other, as shown in
Figure 2(b). The vertical shifts ∆V (= 1.3) and time-
stretching factors fs(= 1.26) are shown in the figure,
such as “V745 Sco V + 1.3, 1.26 t” for the V745 Sco
light curve. Note that the time-stretching factor of fs
corresponds to the horizontal shift by ∆ log t = log fs in
Figure 2(b).
2.1. V745 Sco (1989, 2014)
V745 Sco is a recurrent nova with three recorded
outbursts in 1937, 1989, and 2014 (e.g., Page et al.
2015). Figure 3 shows the V and IC light curves, X-
ray (0.3− 2.0 keV soft band and 2− 10 keV hard band)
light curves, radio (610 MHz) light curve, (B−V )0, and
Figure 3. (a) The V light curve of the V745 Sco 1989 (open
blue circles from Sekiguchi et al. 1990) and 2014 (filled red
circles from SMARTS and open green circles from AAVSO)
outbursts are plotted on a logarithmic timescale. We add the
IC magnitudes (filled orange stars) taken from SMARTS. We
also include X-ray (0.3 − 2.0 keV with magenta pluses and
2.0− 10 keV with cyan crosses) data taken from Page et al.
(2015) and radio (filled black triangles, GMRT at 610 MHz)
data taken from Kantharia et al. (2016). (b) The (B − V )0
color curve of the V745 Sco 1989 and 2014 outbursts. The
horizontal solid red line denotes the intrinsic color of opti-
cally thick free-free emission, i.e., (B − V )0 = −0.03. (c)
The (U − B)0 color curve of the V745 Sco 1989 outburst.
The horizontal solid red line denotes the intrinsic color of
optically thick free-free emission, i.e., (B − V )0 = −0.97.
(U − B)0 color curves on a logarithmic timescale. This
is similar to Figure 75 of Hachisu & Kato (2016b), but
we added the IC data from SMARTS, the radio data
from Kantharia et al. (2016), and the V light curve
from the American Association of Variable Star Ob-
servers (AAVSO). The 2014 outburst shows mV,max =
8.66 (AAVSO), t2 = 2 days, and t3 = 4 days (e.g.,
Orio et al. 2015).
2.1.1. Reddening and distance
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Figure 4. Distance-reddening relation toward (a) V745 Sco, (b) T CrB, (c) V838 Her, and (d) V1534 Sco. The thick blue lines
denote (a) (m−M)V = 16.6, (b) (m−M)V = 10.1, (c) (m−M)V = 13.7, and (d) (m−M)V = 17.6, together with Equation
(5). The vertical thick red lines denote the reddening of each nova, E(B − V ). Open red squares, filled green squares, blue
asterisks, and open magenta circles with error bars represent the relations of Marshall et al. (2006) in the four directions close
to each nova. The thick black and orange lines show the distance-reddening relations of Green et al. (2015, 2018), respectively.
Open cyan-blue diamonds denote the distance-reddening relation taken from O¨zdo¨rmez et al. (2016). In panel (a), the thick
green line flanked by thin green lines indicates the distance-reddening relation of Equation (4). In panel (c), the thick magenta
line denotes the distance-reddening relation given by the 1455 A˚ light curve fitting together with Equation (7). In panel (d),
the green line denotes (m −M)B = 18.55 together with Equation (13) and the cyan line indicates (m −M)I = 16.1 together
with Equation (15).
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Table 1. Extinctions, distance moduli, and distances of selected novae
Object Outburst E(B − V ) (m−M)V d z log fs Type
Year (kpc) (pc)
(1) (2) (3) (4) (5) (6) (7) (8)
CI Aql (2000)a 1.0 15.7 3.3 −47 1.1 normal
T CrB (1946) 0.056 10.1 0.96 715 0.0 rapid
V407 Cyg 2010 1.0 16.1 3.9 −33 0.95 CSM
YY Dor (2010) 0.12 18.9 50.0 — 0.6 normal
V838 Her 1991 0.53 13.7 2.6 310 0.1 rapid
RS Oph (2006) 0.65 12.8 1.4 250 0.3 CSM
U Sco (2010) 0.26 16.3 12.6 4680 0.0 normal
V745 Sco (2014) 0.70 16.6 7.8 −540 0.0 rapid
V1534 Sco 2014 0.93 17.6 8.8 610 0.1 rapid
LMCN 2009a (2014) 0.2 19.1 50.0 — 0.8 normal
LMCN 2012a 2012 0.15 19.0 50.0 — 0.1 rapid
LMCN 2013 2013 0.12 18.9 50.0 — 0.9 CSM
SMCN 2016 2016 0.08 16.8 20.4 −13750 0.6 normal
M31N 2008-12a (2015) 0.30 24.8 780 — 0.0 rapid
aThe year in the parentheses denotes the analyzed outburst of each recurrent nova.
Table 2. Decline rates of selected novae
Object log fs t2 t3 MV,max Porb Companion Reference of t2 and t3
(day) (day) (day)
(1) (2) (3) (4) (5) (6) (7) (8)
CI Aql 1.1 25 32 −6.9 0.618a subgiant Strope et al. (2010)
T CrB 0.0 4 6 −7.6 227.6b red-giant Strope et al. (2010)
V407 Cyg 0.95 5.9 24 −9.0 — Mira Munari et al. (2011b)
YY Dor 0.6 4.0 10.9 −8.2 — — Walter et al. (2012)
V838 Her 0.1 1 4 −8.4 0.2976c main-sequence Strope et al. (2010)
RS Oph 0.3 7 14 −8.0 453.6d red-giant Strope et al. (2010)
U Sco 0.0 1.7 3.6 −8.7 1.23e subgiant Schaefer (2011)
V745 Sco 0.0 2 4 −7.9 — red-giant Orio et al. (2015)
V1534 Sco 0.1 5.6 9.2 −5.8 — red-giant Munari et al. (2017)
LMC N 2009a 0.8 5.0 10.4 −8.5 1.19f subgiant Bode et al. (2016)
LMC N 2012a 0.1 1.1 2.1 −8.3 0.802g subgiant Walter et al. (2012)
LMC N 2013 0.9 21 47 −7.4 — — present paper
SMC N 2016 0.6 4.0 7.8 −8.3 — — Aydi et al. (2018)
M31N 2008-12a 0.0 1.65 2.37 −6.25 — — Darnley et al. (2016)
aMennickent & Honeycutt (1995).
b Fekel et al. (2000).
c Ingram et al. (1992), Leibowitz et al. (1992).
dBrandi et al. (2009).
e Schaefer & Ringwald (1995).
fBode et al. (2016).
g Schwarz et al. (2015), Mro´z et al. (2016).
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Table 3. White dwarf masses of selected novae
Object log fs MWD MWD MWD MWD
fs
a UV 1455 A˚b tSSS−on
c tSSS−off
d
(M⊙) (M⊙) (M⊙) (M⊙)
(1) (2) (3) (4) (5) (6)
CI Aql 1.1 1.18 — — —
T CrB 0.0 1.38 — — —
V407 Cyg 0.95 1.22 — — —
YY Dor 0.6 1.29 — — —
V838 Her 0.1 1.37 1.37 — —
RS Oph 0.3 1.35 1.35 1.35 1.35
U Sco 0.0 1.37 — 1.37 1.37
V745 Sco 0.0 1.38 — 1.385 1.385
V1534 Sco 0.1 1.37 — — —
LMC N 2009a 0.8 1.25 — 1.25 1.25
LMC N 2012a 0.1 1.37 — — —
LMC N 2013 0.9 1.23 — — —
SMC N 2016 0.6 1.29 — — —
M31N 2008-12a 0.0 1.38 — 1.38 1.38
aWD mass estimated from the fs timescale.
bWD mass estimated from the UV 1455 A˚ fit.
cWD mass estimated from the tSSS−on fit.
dWD mass estimated from the tSSS−off fit.
The galactic coordinates of V745 Sco are (l, b) =
(357.◦3584,−3.◦9991). The NASA/IPAC galactic dust
absorption map1 gives E(B − V ) = 0.71± 0.02 toward
V745 Sco, which is based on the galactic dust extinc-
tion of Schlafly & Finkbeiner (2011). Banerjee et al.
(2014) suggested that the extinction for V745 Sco
is E(B − V ) = 0.70 on the basis of the galactic
dust extinction of Schlafly & Finkbeiner (2011) and
Marshall et al. (2006). Orio et al. (2015) fitted the
X-ray spectrum 10 days after the discovery of the 2014
outburst with a model spectrum and obtained the hy-
drogen column density of NH = (6.9± 0.9)× 10
21 cm−2,
which corresponds to the extinction of E(B − V ) =
NH/6.8 × 10
21 cm−2 = 1.0 ± 0.1 (Gu¨ver & O¨zel 2009)
or E(B − V ) = NH/8.3 × 10
21 = 0.83 ± 0.1 (Liszt
2014). Hachisu & Kato (2016b) adopted E(B − V ) =
0.70 ± 0.1, mainly from the results of Banerjee et al.
(2014) and the NASA/IPAC galactic dust absorption
map. We adopt E(B − V ) = 0.70 ± 0.1, pursuant to
Hachisu & Kato (2016b).
The intrinsic colors are obtained from
(B − V )0 = (B − V )− E(B − V ), (1)
1 http://irsa.ipac.caltech.edu/applications/DUST/
(U −B)0 = (U − B)− 0.64E(B − V ), (2)
where the factor of 0.64 is taken from Rieke & Lebofsky
(1985). The intrinsic color (B − V )0 of AAVSO and
Sekiguchi et al. (1990) are systematically 0.1 and 0.3
mag redder than those of SMARTS, the data of which
are taken from Page et al. (2015). Therefore, we shift
them up by 0.1 and 0.3 mag, respectively, in Figure 3(b).
There are sometimes substantial differences among
colors of novae observed at different observatories. Such
differences could originate from, for example, slight dif-
ferences in response functions of each filter, different
comparison stars, and so on. We do not know the exact
origin of the difference in this nova, but we suppose that
the (B − V )0 color is close to −0.03 in the early decline
phase before the nebular phase. This is because nova
spectra are dominated by optically thick free-free emis-
sion (continuum) and its intrinsic color (B−V )0 is −0.03
(Fν ∝ ν
2/3, see Hachisu & Kato 2014). The color of
SMARTS is close to this value in the very early phase.
We regard that the intrinsic colors of SMARTS are rea-
sonable but the colors of AAVSO and Sekiguchi et al.
(1990) deviate from those of SMARTS. Thus, we correct
the intrinsic (B − V )0 colors of AAVSO and Sekiguchi
et al. by 0.1 and 0.3 mag, respectively.
The distance to V745 Sco was estimated by Schaefer
(2009) to be d = 7.8 kpc from the orbital period of
Porb = 510 ± 20 days and the corresponding Roche
lobe size. However, this period was not confirmed by
Mro´z et al. (2014), and thus, we do not use the method
based on the Roche lobe size.
Mro´z et al. (2014) detected semi-regular pulsations
of the RG companion (with periods of 136.5 days and
77.4 days). Hachisu & Kato (2016b) estimated the dis-
tance from the period-luminosity relation for pulsating
red-giants, i.e.,
MK = −3.51× (logP (day)− 2.38)− 7.25, (3)
with an error of ∼ 0.2 mag (Whitelock et al. 2008).
Hachisu & Kato (2016b) obtained the absolute K
magnitude of MK = −6.39 ± 0.2 for the fundamen-
tal 136.5-day pulsation from the data of Mro´z et al.
(2014). Adopting an average K mag of mK = 8.33 mag
(Hoard et al. 2002), Hachisu & Kato (2016b) obtained
d = 7.8± 0.8 kpc for E(B − V ) = 0.70 from
(m−M)K = 0.353×E(B−V )+5 log (d/1 kpc)+10, (4)
where they adopted the reddening law of AK = 0.353×
E(B − V ) (Cardelli et al. 1989). Their new distance
is accidentally identical to Schaefer’s value of 7.8 kpc.
The vertical distance from the galactic plane is approxi-
mately z = −540 pc, being significantly above the scale
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height of galactic matter distribution (z = ±125 pc,
see, e.g., Marshall et al. 2006). Thus, it is likely that
V745 Sco belongs to the galactic bulge.
We plot the distance-reddening relation of Equation
(4) with a thick green line flanked by thin green lines in
Figure 4(a). In the same figure, we add the reddening
of E(B − V ) = 0.70, indicated by the vertical thick
red line. The thick green line and red line cross at d =
7.8 kpc. Hachisu & Kato (2016b) obtained the distance
modulus in the V band, (m−M)V = 16.6± 0.2, which
was calculated from
(m−M)V = 5 log(d/10 pc) + 3.1E(B − V ), (5)
where the factor of 3.1 is taken from Rieke & Lebofsky
(1985). We also plot this distance-reddening relation
of Equation (5) with the thick blue line in Figure 4(a).
Note that this relation of (m −M)V = 16.6 is not an
independent relation of (m−M)K = mK−MK = 8.33−
(−6.39) = 14.72 because it is just derived from Equation
(5) together with E(B − V ) = 0.70 and d = 7.8 kpc.
After Hachisu & Kato’s (2016b) paper was published,
O¨zdo¨rmez et al. (2016) obtained distance-reddening re-
lations toward 46 novae based on the unique position of
red clump giants in the color-magnitude diagram. Their
distance-E(J − K) relation toward V745 Sco is plot-
ted in their Figure C2. They estimated the distance
to V745 Sco to be d = 3.5 ± 0.85 kpc for the assumed
reddening of E(B − V ) = 0.84 ± 0.15 (or E(J − K) =
0.44±0.07). This distance of d = 3.5 kpc is much shorter
than our distance of d = 7.8 kpc. We converted their
distance-E(J−K) relation to a distance-E(B−V ) rela-
tion using the conversion of E(J−K) = 0.524E(B−V )
(Rieke & Lebofsky 1985), and plotted it with the open
cyan-blue diamonds in Figure 4(a).
We also plot the distance-reddening relations given
by Marshall et al. (2006), who published a three-
dimensional (3D) dust extinction map of our galaxy
in the direction of −100.◦0 ≤ l ≤ 100.◦0 and −10.◦0 ≤
b ≤ +10.◦0 with grids of ∆l = 0.◦25 and ∆b = 0.◦25,
where (l, b) are the galactic coordinates. Figure 4(a)
shows four relations in the directions close to V745 Sco,
i.e., (l, b) = (357.◦25,−4.◦00) (open red squares),
(357.◦50,−4.◦00) (filled green squares), (357.◦25,−3.◦75)
(blue asterisks), and (357.◦50,−3.◦75) (open magenta
circles), with error bars. The closest one is that of
the open red squares. The reddening saturates to
E(B − V ) ∼ 0.7± 0.1 at the distance of d ∼ 3 − 4 kpc.
This is consistent with the result of the NASA/IPAC
galactic two-dimensional (2D) dust absorption map,
E(B − V ) = 0.71 ± 0.02. The distance-reddening re-
lation given by O¨zdo¨rmez et al. (2016) consistently
follows the relation given by Marshall et al. (2006)
until E(B − V ) = 0.7, but does not saturate at the
distance of d ∼ 3 − 4 kpc. Their reddening linearly
increases to E(B − V ) = 1.0. This is the reason why
O¨zdo¨rmez et al. (2016) obtained a much smaller dis-
tance for V745 Sco.
The angular resolution of the map of Marshall et al.
is 0.◦25=15.′ Marshall et al. used only giants in their
analysis, and thus the dust map they produced has
little information for the nearest kiloparsec. The ef-
fective resolution of the NASA/IPAC galactic 2D dust
absorption map depends on the few-arcminute resolu-
tion of the IRAS 100 µm image and the ∼1 degree
COBE/DIRBE dust temperature map, which is con-
siderably larger than the molecular cloud structure ob-
served in the interstellar medium. O¨zdo¨rmez et al.
(2016) used red clump giants. The number density of
red clump giants is smaller than that of giants that
Marshall et al. used. Therefore, the angular resolu-
tion of O¨zdo¨rmez et al. (2016) could be less than that
of Marshall et al. (2006). Although O¨zdo¨rmez et al.
(2016) showed that the distance-reddening relation to-
ward WY Sge is not significantly different for the four
resolutions of 0.◦3, 0.◦4, 0.◦5, and 0.◦8, we adopt E(B −
V ) = 0.70 for V745 Sco in the present study, follow-
ing Marshall et al. (2006) and the NASA/IPAC galac-
tic 2D dust absorption map. We will demonstrate that
this reddening of E(B−V ) = 0.70 is reasonable by com-
paring various properties of V745 Sco with those of other
novae. We summarize various properties of V745 Sco in
Tables 1, 2, and 3.
2.1.2. Color-color diagram
Figure 5 shows the color-color diagram of V745 Sco
(1989) in outburst for the reddening of E(B−V ) = 0.70.
We add other two tracks of U Sco (2010) and T Pyx
(1966) for comparison. There are only six data (ma-
genta open circles) of V745 Sco but five of the six data
are located at or near the point of (B − V )0 = +0.13
and (U − B)0 = −0.87 denoted by the open black
square labeled “free-free (Fν ∝ ν
0).” This point corre-
sponds to the position of optically thin free-free emission
(Hachisu & Kato 2014). These positions of the data in
the color-color diagram are consistent with the fact that
the ejecta had already been optically thin when these
data were obtained. This is consistent with the value of
E(B − V ) = 0.70.
2.1.3. Color-magnitude diagram
Using E(B − V ) = 0.70 and (m −M)V = 16.6 (d =
7.8 kpc), we plot the color-magnitude diagram, (B−V )0-
MV , of V745 Sco in Figure 6(a). The green lines denote
the template track of V1668 Cyg and the orange lines
represent that of LV Vul (taken from Hachisu & Kato
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Figure 5. Color-color diagrams of V745 Sco (1989), U Sco
(2010), and T Pyx (1966). These color-color diagrams are
similar to Figure 36 of Hachisu & Kato (2016b), but we re-
analyzed the data. The open black square denotes the posi-
tion of optically thin free-free emission (Fν ∝ ν
0). See the
text for sources of observational data.
2016b). The two-headed black arrow indicates the lo-
cations of inflection (for slow novae) or turning point
of color-magnitude tracks (Hachisu & Kato 2016b). In
the very early phase, the track of V745 Sco follows the
vertical solid red line of (B− V )0 = −0.03, which is the
intrinsic color of optically thick free-free emission (see,
e.g., Hachisu & Kato 2014). This trend is similar to
other classical novae such as V1668 Cyg.
The color increases to (B−V )0 = +0.13 four days af-
ter the discovery; the discovery date is JD 2456695.194
(e.g., Page et al. 2015). This is the intrinsic color of op-
tically thin free-free emission (Hachisu & Kato 2014).
The color change from (B−V )0 = −0.03 to (B−V )0 =
+0.13 indicates that the ejecta became transparent (op-
tically thin) after this date. The color then gradually
becomes blue and reaches (B − V )0 = −0.2 in the very
late phase. This is because strong emission lines be-
gin to contribute to the B band flux (Hachisu & Kato
2014). The intrinsic color of V745 Sco is redder than
(B − V )0 & −0.2 throughout the outburst. This is a
common property among symbiotic nova systems with
a RG companion, as shown in Figures 6(b), (c), and (d).
2.1.4. Model light curve of supersoft X-ray
The SSS phase of V745 Sco started just four days af-
ter the discovery (Figure 7). If the optical brightness
reaches its maximum at the discovery date, this turn-
on time of SSS is the earliest record (tSSS−on = 4 days)
among novae. The second shortest record (tSSS−on = 6
days) is the 1-yr recurrence period nova, M31N 2008-
12a (Henze et al. 2015). Kato et al. (2017) modeled
time-evolutions of such very-short-timescale novae and
obtained a reasonable light curve fit with a 1.38 M⊙
WD for M31N 2008-12a. The earlier appearance of SSS
for V745 Sco suggests a more massive WD than that
of M31N 2008-12a. We have modeled time-evolutions
similar to the calculation of Kato et al. (2017) and ob-
tained a reasonable fit (solid black line) with the super-
soft X-ray light curve (open black circles), as shown in
Figure 7. We plot the supersoft X-ray flux (0.3−2.0 keV
count rates of the Swift XRT) as well as the V magni-
tude and Swift UVW1 magnitude light curves. All the
observational data are taken from Page et al. (2015).
Our obtained WD mass is 1.385M⊙, more massive than
1.38 M⊙ for M31N 2008-12a. It is unlikely that these
WDs were born as massive as they are (1.38 M⊙ or
1.385 M⊙, see, e.g., Doherty et al. 2015). We suppose
that these WDs have grown in mass.
The X-ray flux of our model is calculated from black-
body spectra of the photospheric temperature (Tph) and
radius (Rph), and the detailed flux itself is thus not so
accurate, but the duration of the SSS phase (rise and
decay of the flux) is reasonably reproduced. Nomoto
(1982) showed that, if a WD has a carbon-oxygen core
and its mass reaches ∼ 1.38 M⊙ or more, the WD ex-
plodes as a SN Ia. Therefore, V745 Sco is one of the
most promising candidates of SN Ia progenitors.
2.2. T CrB (1946)
T CrB is also a recurrent nova with two recorded out-
bursts in 1866 and 1946 (e.g., Schaefer 2010). The
orbital period was obtained to be Porb = 227.6 days
(Fekel et al. 2000). Figure 8 shows the V and visual
light curves of T CrB on a logarithmic timescale. The
V and visual light curves show a smooth decline and a
late secondary maximum. The origin of the secondary
maximum was discussed by Hachisu & Kato (2001b) in
terms of an irradiated tilting disk. They also estimated
the WD mass of T CrB to be MWD = 1.37 ± 0.01 M⊙
from the model light curve fitting. The peak V magni-
tude of T CrB reaches mV,max = 2.5 (Schaefer 2010).
The decline rate is characterized by t2 = 4 and t3 =
6 days (e.g., Strope et al. 2010). Figure 8 also shows
the V light curve of V745 Sco on the same timescale,
but its brightness is shifted up by 6.5 mag. These two
light curves are very similar until ∼ 10 days after the
outbursts.
2.2.1. Distance and reddening
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Figure 6. Color-magnitude diagrams of (a) V745 Sco, (b) V1534 Sco, (c) RS Oph, and (d) V407 Cyg. The thick green lines
show the template track of V1668 Cyg and the thick orange lines represent that of LV Vul (taken from Hachisu & Kato 2016b).
The two-headed black arrow indicates the locations of inflection (for slow novae) or turning point of color-magnitude tracks
(Hachisu & Kato 2016b). The vertical thin red lines indicate the color of optically thick, (B−V )0 = −0.03, and optically thin,
(B − V )0 = +0.13, free-free emission. See the text for more detail.
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Figure 7. Model light curve fitting of the supersoft X-ray
flux (0.3 − 2.0 keV denoted by open black circles) for the
V745 Sco 2014 outburst. The start of day (horizontal axis)
is the discovery date (JD 2456695.194). We also include the
V (filled red circles) and UVW1 (open blue squares) magni-
tudes. All the observational data are taken from Page et al.
(2015). A 1.385 M⊙ WD model (solid black line) reasonably
reproduces the observed supersoft X-ray flux rather than a
1.38 M⊙ WD model (solid green line).
The distance was estimated by various authors (e.g.,
Bailey 1981; Harrison et al. 1993; Belczyn´ski & Miko lajewska
1998; Schaefer 2010), and summarized by Schaefer
(2010) to be d = 900± 200 pc. In the present paper, we
adopt d = 960±150 pc after Belczyn´ski & Miko lajewska
(1998). T CrB shows an ellipsoidal variation in
the quiescent light curve, suggesting that the RG
companion almost fills its Roche lobe. Assuming
that the RG companion just fills its Roche lobe,
Belczyn´ski & Miko lajewska (1998) obtained the ab-
solute brightness of the RG companion and estimated
the distance.
For the reddening toward T CrB, whose galac-
tic coordinates are (l, b) = (42.◦3738,+48.◦1647), the
NASA/IPAC galactic 2D dust absorption map gives
E(B − V ) = 0.056 ± 0.003 toward T CrB. If we
adopt E(B − V ) = 0.056 toward T CrB, then we
calculate the distance modulus in the V band to be
(m−M)V = 10.1± 0.3 from Equation (5). We plot the
distance-reddening relations (black and orange lines) of
Green et al. (2015, 2018), respectively, in Figure 4(b).
Green et al. (2015) published data for the galactic 3D
extinction map, which covers a wide range of the galactic
coordinates (over three quarters of the sky) with grids of
3.′4 to 13.′7 and a maximum distance resolution of 25%.
Note that the values of E(B − V ) reported by Green et
al. could have an error of 0.05− 0.1 mag compared with
Figure 8. (a) The V (open black circles) and visual (black
dots) light curves of the T CrB 1946 outburst are plotted on
a logarithmic timescale as well as the light/color curves of the
V745 Sco 2014 outburst (filled green circles). The timescales
of these two novae are the same, i.e., the timescaling factor
of T CrB is fs = 1.0 with respect to that of V745 Sco. The V
light curve of V745 Sco is shifted up by 6.5 mag. The vertical
shift and timescaling are written as “V745 Sco V−6.5, 1.0 t”
in the figure. (b) (B− V )0 color curve of the V745 Sco 2014
outburst. The horizontal solid red line denotes the color of
optically thick free-free emission, i.e., (B − V )0 = −0.03.
the 2D dust extinction maps. The reddening saturates
at the distance of 0.7 kpc and the set of d = 0.96 kpc
and E(B − V ) = 0.056 is consistent with the relation of
Green et al. (2015). Then, the vertical distance from
the galactic plane is approximately z = +715 pc. We
summarize various properties of T CrB in Tables 1, 2,
and 3.
2.2.2. Absolute magnitudes and diversity in the late phase
Figure 8(a) shows that the global decline timescales of
T CrB and V745 Sco are very similar and their V light
curves almost overlap with each other if we shift the V
light curve of V745 Sco vertically up by 6.5 mag. The V
light curves of the two novae deviate in the late phase of
the outbursts. This is caused by different contributions
of the RG companions and accretion disks.
The distance modulus in the V band is calculated to
be (m−M)V = 10.1± 0.3 from Equation (5), together
with d = 960 ± 150 pc and E(B − V ) = 0.056± 0.003.
For T CrB and V745 Sco, we have the following relation
(m−M)V,T CrB = 10.1± 0.3
=(m−M +∆V )V,V745 Sco
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=(16.6± 0.2) + (−6.5± 0.1) = 10.1± 0.3, (6)
where we adopt (m − M)V,V745 Sco = 16.6 ± 0.2, as
obtained in Section 2.1, and the vertical shift of the
V745 Sco V light curve is ∆V = −6.5 ± 0.1 because
we change ∆V in steps of 0.1 mag and searched for the
best overlap. This clearly shows that the two novae have
the same absolute magnitudes within the ambiguity of
±0.3 mag when the timescales are the same. The differ-
ence in the apparent magnitudes is due to the differences
in the distance and absorption.
In general, there are two sources of (m − M)V am-
biguities in our fitting procedure: one is the error in
(m − M)V of the template nova and the other is the
ambiguity of vertical fit of ∆V . For the vertical fit, we
change ∆V in steps of 0.1 mag and search for the best
overlap by eye. Its error is typically 0.1 mag (sometimes
0.2 mag) unless the V data are substantially scattered.
The (m−M)V ambiguity of the template nova is depen-
dent on each template (typically 0.2 or 0.3 mag). Thus,
the errors of distance moduli (m −M)V are 0.2 or 0.3
mag unless otherwise specified.
2.3. V838 Her 1991
V838 Her is a very fast nova with t2 = 1 day
and t3 = 4 days, and its peak brightness reached
mV,max = 5.3 (Strope et al. 2010). The orbital period
was obtained to be Porb = 0.2976 days (Ingram et al.
1992; Leibowitz et al. 1992). Figure 9 shows the V
and visual light curves of V838 Her on a logarith-
mic timescale. This figure also shows the V light
and B − V color curves of V745 Sco and the V and
visual light curves of T CrB to demonstrate the re-
semblance among the three novae. The reddening
toward V838 Her was estimated by several authors
(e.g., Matheson et al. 1993; Harrison et al. 1994;
Vanlandingham et al. 1996; Kato et al. 2009) to lie
between E(B − V ) = 0.3 − 0.7. Of these values, we
adopt E(B−V ) = 0.53± 0.05 after Kato et al. (2009),
which was obtained from the 2175 A˚ feature of the UV
spectra of V838 Her. Kato et al. (2009) also derived
the distance of d = 2.7 ± 0.5 kpc from the UV 1455 A˚
flux fitting and the WD mass ofMWD = 1.35±0.02M⊙
from the model light curve fitting.
2.3.1. Model light curve fitting
We briefly explain the V light curve and UV 1455 A˚
light curve fitting of novae. Nova spectra are domi-
nated by the free-free emission the after optical max-
imum (e.g., Gallagher & Ney 1976; Ennis et al. 1977).
This free-free emission comes from optically thin plasma
outside the photosphere. Hachisu & Kato (2006) calcu-
lated free-free emission model light curves of novae and
Figure 9. Same as Figure 8, but we plot the visual (red
dots) and V (filled red circles), UV 1455 A˚ flux (large open
red circles), and (B − V )0 color curves (filled red circles) of
V838 Her (red symbols) as well as the visual and V light
curves of T CrB (black symbols), and the V light curve
and (B − V )0 color curve of V745 Sco (blue symbols). The
timescales of T CrB and V745 Sco are stretched by a factor
of 1.26, i.e., the timescaling factor of V838 Her is fs = 1.26
with respect to that of V745 Sco. (a) The V light curve of
T CrB is shifted down by 3.8 mag and that of V745 Sco is
shifted up by 2.7 mag. These shifts are indicated by “T CrB
V+3.8, 1.26 t” and “V745 Sco V−2.7, 1.26 t” in the figure.
(b) (B − V )0 color curves of V838 Her and V745 Sco.
showed that theoretical light curves reproduce well ob-
served NIR/optical light curves of several classical novae
from near the peak to the nebular phase. These free-
free emission model light curves are calculated from the
nova evolution models based on the optically thick wind
theory (Kato & Hachisu 1994). Their numerical mod-
els provide the photospheric temperature (Tph), radius
(Rph), velocity (vph), and wind mass-loss rate (M˙wind)
of a nova hydrogen-rich envelope (mass of Menv) for a
specified WD mass (MWD) and chemical composition
of the hydrogen-rich envelope. The free-free emission
model light curves are calculated by Equations (9) and
(10) in Hachisu & Kato (2006).
Envelope chemical composition of their model is given
by the form of (X,Y,XCNO, XNe, Z). Here, X is the hy-
drogen content, Y the helium content, XCNO the abun-
dance of carbon, nitrogen, and oxygen, XNe the neon
content, and Z = 0.02 the heavy element (heavier than
helium) content by weight, in which carbon, nitrogen,
oxygen, and neon are also included with the solar com-
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Figure 10. V and UV 1455 A˚ light curve fittings for
V838 Her. The sources of optical and UV 1455 A˚ data are
the same as those in Figure 8 of Kato et al. (2009). (a) We
plot three WD mass models of 1.37 M⊙ (green), 1.35 M⊙
(blue), and 1.33 M⊙ (magenta) for the chemical composition
of Ne nova 2 (Hachisu & Kato 2010). The open circles at the
right edge of the model light curves denote the epoch when
the optically thick winds stop. We add a straight solid red
line labeled “t−3” in the figure from the theoretical point
of view. If the ejecta were expanding homologously, i.e.,
free expansion, the flux would evolve as Fν ∝ t
−3. (b) We
plot three WD mass models of 1.37 M⊙ (green), 1.35 M⊙
(blue), and 1.33M⊙ (magenta), but for the different chemical
composition of Ne nova 3 (Hachisu & Kato 2016a).
position ratios (Hachisu & Kato 2006). The chemical
composition of the V838 Her ejecta was estimated by
Vanlandingham et al. (1996), Vanlandingham et al.
(1997), and Schwarz et al. (2007). The results are
summarized in Table 2 of Kato et al. (2009). In this
study, we calculated two cases, “Ne nova 2” (X = 0.55,
Y = 0.30, Z = 0.02, XCNO = 0.10, and XNe = 0.03)
(Hachisu & Kato 2010) and “Ne nova 3” (X = 0.65,
Y = 0.27, Z = 0.02, XCNO = 0.03, and XNe = 0.03)
(Hachisu & Kato 2016a), both of which are close to the
estimates mentioned above.
Figure 11. Same as Figure 10, but we plot the best-
fit models in the absolute V magnitude: (a) the 1.35 M⊙
WD with the chemical composition of Ne nova 2 and (b)
the 1.37 M⊙ WD with the chemical composition of Ne nova
3. Three V light curves are plotted for the blackbody flux
(solid red line labeled “BB”), free-free flux (solid blue line
labeled “FF”), and the total flux (solid green) of blackbody
and free-free emission. The open blue circle at the right end
of free-free flux denotes the epoch when the optically thick
winds stop.
In Figure 10(a), we plot three WD mass models:
1.37 M⊙ (green), 1.35 M⊙ (blue), and 1.33 M⊙ (ma-
genta) for Ne nova 2. The open circles at the right edge
of model light curves denote the epoch when the opti-
cally thick winds stop. We tabulate these three free-free
emission model light curves in Table 4. A more massive
WD evolves faster. The UV 1455 A˚ band is an emission-
line-free narrow band (20 A˚ width centered at 1455 A˚)
invented by Cassatella et al. (2002) based on the IUE
spectra of novae. This band represents continuum flux
at UV well and is useful for model light curve fitting.
Hachisu & Kato (2006, 2010, 2015, 2016a) calculated
UV 1455 A˚ model light curves for various WD masses
and chemical compositions of the hydrogen-rich enve-
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lope, assuming blackbody emission at the photosphere.
In Figure 10(a), the best-fit model among the three WD
mass models is the 1.35M⊙ WDmodel (solid blue lines).
In Figure 10(b), we also plot three WD mass models:
1.37 M⊙ (green), 1.35 M⊙ (blue), and 1.33 M⊙ (ma-
genta), but for the different chemical composition of Ne
nova 3. We tabulate these three free-free emission model
light curves in Table 5. For this chemical composition,
the best-fit model among the three WD mass models is
the 1.37 M⊙ WD model (solid green lines).
We add a straight solid red line labeled “t−3” in these
figures from the theoretical point of view. After the op-
tically thick winds stop at the open circle (right edge of
the free-free model V light curve), the ejecta mass Mej
is virtually constant with time because of no mass sup-
ply from the WD. If the ejecta were expanding homol-
ogously, i.e., free expansion, the free-free emission flux
would evolve as Fν ∝ t
−3 (see, e.g., Woodward et al.
1997; Hachisu & Kato 2006). We plot this trend as a
guide in the later decline phase.
After the optically thick winds stop, the photo-
sphere quickly shrinks, the photospheric temperature
increases to emit high-energy photons, and the nova
enters the nebular phase. This nova entered the neb-
ular phase approximately 30 days after the outburst,
i.e., at least by UT 1991 April 23 (e.g., Williams et al.
1994; Vanlandingham et al. 1996). In this case, the
neon forbidden lines had grown to become comparable
in strength to Hα. In the nebular phase, strong emission
lines contribute to the V magnitude. As a result, the
model light curve deviates significantly from the obser-
vational V light curve, as shown in Figure 10, because
the model V light curve does not include the effect of
emission lines, but rather represents only continuum
(free-free) emission.
Fitting our model to the observed UV 1455 A˚ flux, we
have the following relation:
−2.5 log
(
F obsλ /F
mod
λ
)
= RλE(B−V )+5 log
(
d
10 kpc
)
,
(7)
where Fmodλ is the model flux at the distance of d =
10 kpc, F obsλ is the observed flux, the absorption is cal-
culated from Aλ = RλE(B − V ), and Rλ = 8.3 for
λ = 1455 A˚ (Seaton 1979). For the 1.35 M⊙ WD
model in Figure 10(a), F obs1455 = 5.0 and F
mod
1455 = 21.0,
in units of 10−12 erg cm−2 s−1 A˚−1, at the upper bound
of Figure 10(a), whereas for the 1.37 M⊙ WD model
in Figure 10(b), F obs1455 = 5.0 and F
mod
1455 = 20.0. Sub-
stituting E(B − V ) = 0.53 into Equation (7), both
the cases give d = 2.6 − 2.7 kpc. This value is con-
sistent with the estimate by Kato et al. (2009). The
distance calculated by our model fitting hardly depends
on the assumed chemical composition. The distance
modulus in the V band is calculated from Equation
(5) to be (m −M)V = 13.7 ± 0.3 for V838 Her. The
vertical distance from the galactic plane is approxi-
mately z = +310 pc, because the galactic coordinates of
V838 Her are (l, b) = (43.◦3155,+6.◦6187). We summa-
rize various properties of V838 Her in Tables 1, 2, and
3.
Assuming that (m − M)V = 13.7, we plot the ab-
solute V magnitude light curve of V838 Her in Figure
11. The total flux (solid green line) of the V band con-
sists of the two parts; one is the flux of free-free emis-
sion (solid blue line labeled “FF”), which comes from
optically thin plasma outside the photosphere, and the
other is the photospheric emission (solid red line labeled
“BB”), which is approximated by blackbody emission.
It is clear that the flux of free-free emission is much
larger than that of blackbody emission. Thus, the free-
free emission dominates the continuum spectra of very
fast novae.
If we average the hydrogen contents of the three
results mentioned above, i.e., Vanlandingham et al.
(1996), Vanlandingham et al. (1997), and Schwarz et al.
(2007), we obtain X = (0.78 + 0.59 + 0.562)/3 = 0.644.
This value is close to our case of Ne nova 3 (X = 0.65,
Y = 0.27, Z = 0.02, XCNO = 0.03, and XNe = 0.03).
Therefore, we adopt the 1.37 M⊙ WD for V838 Her.
Table 4. Free-free Light Curves of Ne
Novae 2a
mff 1.33M⊙ 1.35M⊙ 1.37M⊙
(mag) (day) (day) (day)
(1) (2) (3) (4)
4.500 0.0 0.0 0.0
4.750 0.4617 0.6000 0.4350
5.000 0.8397 1.019 0.7630
5.250 1.173 1.354 1.074
5.500 1.575 1.673 1.385
5.750 1.992 2.019 1.694
6.000 2.396 2.399 2.007
6.250 2.786 2.742 2.328
6.500 3.189 3.075 2.628
6.750 3.591 3.408 2.871
7.000 4.001 3.736 3.137
7.250 4.403 4.041 3.380
7.500 4.810 4.346 3.606
7.750 5.235 4.643 3.819
8.000 5.717 4.959 4.044
8.250 6.355 5.326 4.295
8.500 7.079 5.766 4.594
8.750 7.949 6.299 4.943
Table 4 continued
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Table 4 (continued)
mff 1.33M⊙ 1.35M⊙ 1.37M⊙
(mag) (day) (day) (day)
(1) (2) (3) (4)
9.000 8.922 6.945 5.373
9.250 10.05 7.683 5.857
9.500 11.45 8.533 6.443
9.750 13.13 9.533 7.097
10.00 14.94 10.76 7.918
10.25 16.83 12.15 8.828
10.50 18.68 13.51 9.748
10.75 20.56 14.85 10.62
11.00 22.30 16.25 11.40
11.25 23.73 17.56 12.23
11.50 25.19 18.75 13.10
11.75 26.75 20.01 14.03
12.00 28.39 21.35 15.01
12.25 30.13 22.76 16.05
12.50 31.97 24.26 17.15
12.75 33.93 25.84 18.31
13.00 35.99 27.52 19.55
13.25 38.18 29.30 20.86
13.50 40.50 31.19 22.24
13.75 42.96 33.18 23.71
14.00 45.57 35.30 25.27
14.25 48.32 37.54 26.91
14.50 51.24 39.91 28.66
14.75 54.34 42.42 30.50
15.00 57.61 45.08 32.46
X-rayb 23.4 14.3 7.80
log fs
c +0.10 0.0 −0.12
Mw
d 2.2 1.8 1.4
aChemical composition of the envelope is as-
sumed to be that of Ne nova 2 in Table 2 of
Hachisu & Kato (2016a).
b Duration of supersoft X-ray phase in units of
days.
c Stretching factor with respect to V838 Her
UV 1455 A˚ observation in Figure 10.
dAbsolute magnitudes at the bottom point of
free-free emission light curve (open circles) in
Figures 10(a) and 11(a) by assuming (m −
M)V = 13.7 (V838 Her). The absolute V mag-
nitude is calculated from MV = mff − 15.0 +
Mw.
Table 5. Free-free Light Curves of Ne
Novae 3a
mff 1.33M⊙ 1.35M⊙ 1.37M⊙
(mag) (day) (day) (day)
(1) (2) (3) (4)
3.750 0.0 0.0 0.0
Table 5 continued
Table 5 (continued)
mff 1.33M⊙ 1.35M⊙ 1.37M⊙
(mag) (day) (day) (day)
(1) (2) (3) (4)
4.000 0.4317 0.4570 0.3855
4.250 0.9427 0.9240 0.9118
4.500 1.481 1.388 1.420
4.750 2.023 1.914 1.889
5.000 2.594 2.477 2.324
5.250 3.173 3.008 2.752
5.500 3.686 3.426 3.140
5.750 4.176 3.861 3.498
6.000 4.665 4.270 3.870
6.250 5.128 4.653 4.180
6.500 5.621 5.042 4.487
6.750 6.130 5.430 4.798
7.000 6.622 5.842 5.058
7.250 7.129 6.232 5.320
7.500 7.646 6.621 5.605
7.750 8.221 7.041 5.930
8.000 8.886 7.557 6.296
8.250 9.698 8.153 6.707
8.500 10.63 8.908 7.222
8.750 11.80 9.778 7.801
9.000 13.14 10.79 8.494
9.250 14.64 11.92 9.268
9.500 16.36 13.22 10.21
9.750 18.38 14.81 11.29
10.00 20.61 16.55 12.48
10.25 23.04 18.36 13.69
10.50 25.45 20.14 14.96
10.75 27.66 21.95 16.09
11.00 30.02 23.34 17.07
11.25 32.48 24.82 18.12
11.50 34.55 26.38 19.23
11.75 36.64 28.03 20.40
12.00 38.87 29.78 21.64
12.25 41.22 31.64 22.95
12.50 43.71 33.60 24.35
12.75 46.35 35.69 25.83
13.00 49.15 37.89 27.39
13.25 52.10 40.23 29.04
13.50 55.24 42.70 30.80
13.75 58.56 45.32 32.66
14.00 62.08 48.10 34.62
14.25 65.81 51.04 36.71
14.50 69.76 54.16 38.92
14.75 73.94 57.46 41.26
15.00 78.37 60.95 43.73
X-rayb 41.6 24.1 12.4
log fs
c 0.26 0.15 0.0
Mw
d 2.5 2.2 1.8
Table 5 continued
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Table 5 (continued)
mff 1.33M⊙ 1.35M⊙ 1.37M⊙
(mag) (day) (day) (day)
(1) (2) (3) (4)
aChemical composition of the envelope is as-
sumed to be that of Ne nova 3 in Table 2 of
Hachisu & Kato (2016a).
b Duration of supersoft X-ray phase in units of
days.
c Stretching factor with respect to V838 Her
UV 1455 A˚ observation in Figure 10.
dAbsolute magnitudes at the bottom point of
free-free emission light curve (open circles) in
Figures 10(b) and 11(b) by assuming (m −
M)V = 13.7 (V838 Her). The absolute V mag-
nitude is calculated from MV = mff − 15.0 +
Mw.
2.3.2. Timescaling law and time-stretching method
We showed in the previous subsection that the abso-
lute magnitudes of the V light curves are the same for
V745 Sco and T CrB. We plot the V and visual magni-
tudes of V838 Her on a logarithmic timescale in Figure
9, and plot the V and visual magnitude light curves of
V745 Sco and T CrB in the same figure but stretch their
timescales by a factor of fs = 1.26. We further shift the
V light curve of V745 Sco up by ∆V = −2.7 and that
of T CrB down by ∆V = +3.8. We confirm that these
three stretched V light curves overlap.
Hachisu & Kato (2010) showed that, if the two
nova light curves, called the template and the target,
(m[t])V,target and (m[t])V,template, overlap each other af-
ter time-stretching by a factor of fs in the horizontal
direction and shifting vertically down by ∆V , i.e.,
(m[t])V,target = ((m[t× fs])V +∆V )template , (8)
their distance moduli in the V band satisfy
(m−M)V,target = ((m−M)V +∆V )template−2.5 log fs.
(9)
Here, (m−M)V,target and (m−M)V,template are the dis-
tance moduli in the V band of the target and template
novae, respectively. For the set of V745 Sco, T CrB,
and V838 Her in Figure 9, Equations (8) and (9) are
satisfied, because we have the relation:
(m−M)V,V838 Her = 13.7± 0.3
=(m−M +∆V )V,V745 Sco − 2.5 log 1.26
=16.6± 0.2− 2.7± 0.1− 0.25 = 13.65± 0.2
=(m−M +∆V )V,T CrB − 2.5 log 1.26
=10.1± 0.3 + 3.8± 0.1− 0.25 = 13.65± 0.3,(10)
where we adopt (m−M)V,V745 Sco = 16.6±0.2 in Section
2.1 and (m − M)V,T CrB = 10.1 ± 0.3 in Section 2.2.
This procedure was called “the time-stretching method”
(Hachisu & Kato 2010). See Appendix A.3 for more
detail.
2.3.3. Reddening and distance
We check the distance and reddening toward V838 Her
based on distance-reddening relations. Figure 4(c)
shows various distance-reddening relations toward
V838 Her. Substituting F obs1455 = 5.0 and F
mod
1455 = 20.0
into Equation (7), we plot the distance-reddening rela-
tion (solid magenta line) for our UV 1455 A˚ fit. Even
by substituting F obs1455 = 5.0 and F
mod
1455 = 21.0, we ob-
tain a nearly overlapping magenta line. The cross point
between the vertical solid red line of E(B − V ) = 0.53
and the solid magenta line gives a distance of 2.6 kpc.
We also plot the distance-reddening relation calculated
from Equation (5) with (m − M)V = 13.7 by the
solid blue line. The NASA/IPAC Galactic dust ab-
sorption map gives E(B − V ) = 0.368 ± 0.003 toward
V838 Her. The distance-reddening relations given by
Marshall et al. (2006), Green et al. (2015, 2018), and
O¨zdo¨rmez et al. (2016) are roughly consistent with
each other, i.e., E(B − V ) ∼ 0.3 ± 0.1 at the distance
of d = 2.6 kpc. If we adopt E(B − V ) = 0.3 toward
V838 Her, we obtain the distance of d = 6.5 kpc from
Equation (7), that is, the solid magenta line. Then,
the distance modulus in the V band is calculated from
Equation (5) to be (m−M)V = 15.0, which is inconsis-
tent with Equation (10).
This large discrepancy can be understood as follows.
The 3D (2D) dust maps essentially give an averaged
value of a relatively broad region, and thus the pin-
point reddening could be different from the value of
the 3D (2D) dust maps, because the resolutions of
these dust maps are considerably larger than molecu-
lar cloud structures observed in the interstellar medium,
as mentioned in Section 2.1. The pinpoint estimate
of the reddening toward V838 Her was summarized by
Vanlandingham et al. (1996) to be E(B − V ) = 0.50±
0.12, based on the Balmer decrement (Ingram et al.
1992; Vanlandingham et al. 1996), the equivalent width
of Na I interstellar lines (Lynch et al. 1992), the ratio of
the UV flux above and below 2000 A˚ (Starrfield et al.
1992), and the assumed intrinsic color at maximum light
(Woodward et al. 1992). Kato et al. (2009) estimated
the reddening to be E(B−V ) = 0.53±0.05 based on the
2175 A˚ feature in the IUE spectra of V838 Her. When
and only when we adopt E(B − V ) = 0.53, we obtain
the distance modulus in the V band, (m−M)V = 13.7,
which is consistent with Equation (10).
Light Curve Analysis of Novae 17
Figure 12. Optical light curve (a) and color curve (b) of
V1534 Sco: (a) A few V data in the very early phase are
taken from VSOLJ (filled red circles). The BV data are
taken from AAVSO (open blue circles) and SMARTS (filled
magenta stars). The AAVSO V data saturate at V ∼ 16.3
owing to contamination of a nearby star. The soft (0.3− 1.5
keV, denoted by green crosses) and hard (1.5 − 10 keV,
denoted by cyan pluses) X-ray count rates are also plot-
ted, the data for which are taken from the Swift web site
(Evans et al. 2009). (b) The (B−V )0 are dereddened with
E(B − V ) = 0.93.
2.4. V1534 Sco 2014
V1534 Sco is a classical nova in a symbiotic sys-
tem (Joshi et al. 2015). Figure 12 shows (a) the V
and X-ray fluxes and (b) (B − V )0 color evolutions
of V1534 Sco. Here, (B − V )0 are dereddened with
E(B − V ) = 0.93 as explained below. V1534 Sco
reached mV,max = 11.8 on JD 2456744.27 (UT 2014
March 27.77) from the data of the Variable Star Ob-
servers League of Japan (VSOLJ). The AAVSO V data
becomes flat when the V goes down to V ∼ 16.3.
This is an artifact due to the V flux being contami-
nated by nearby stars (e.g., Munari et al. 2017). There-
fore, we use only the data of SMARTS (Walter et al.
2012) in the following analysis. The nova declined with
t2 = 6 ± 0.3 day and was identified as a He/N nova by
Joshi et al. (2015). Joshi et al. (2015) also obtained
the reddening of E(B − V ) = 0.91 from the empirical
relations derived by van den Bergh & Younger (1987),
i.e., the intrinsic color of (B−V )0 = 0.23± 0.06 at max-
imum and (B−V )0 = −0.02 ± 0.04 at time t2. From
the NIR spectra of this nova, Joshi et al. (2015) con-
cluded that the nova outbursted in a symbiotic system
Figure 13. Same as Figure 9, but we plot the light/color
curves of V1534 Sco as well as V838 Her, T CrB, and
V745 Sco. (a) The filled magenta stars denote the V mag-
nitudes of V1534 Sco, the filled red circles (red dots) rep-
resent the V (visual) magnitudes of V838 Her, the black
open circles (black dots) indicate the V (visual) magnitude
of T CrB, and the filled green circles represent the V mag-
nitude of V745 Sco. (b) The (B − V )0 colors of V1534 Sco
are dereddened with E(B − V ) = 0.93.
with an M5III (± two subclasses) RG companion and
suggested that V1534 Sco is a recurrent nova such as
T CrB, RS Oph, and V745 Sco. They estimated the
distance to the nova as 8.1, 9.6, 13.0, 18.6, and 26.4 kpc
depending on the subclass, M3III, M4III, M5III, M6III,
and M7III, respectively.
2.4.1. Timescaling law and time-stretching method
Figure 13 shows the V light and (B − V )0 color
curves of V1534 Sco on a logarithmic timescale. We add
the light/color curves of the symbiotic recurrent novae
V745 Sco and T CrB and the very fast nova V838 Her.
The V light curves of four novae overlap each other, i.e.,
Equation (8) is satisfied. Here, we determine the hori-
zontal shift of the V745 Sco V light curve with respect
to V1534 Sco as ∆ log t = log fs = 0.10. The positions
of the other two novae are uniquely determined from
Figure 9.
We found no reliable distance or distance modulus to
V1534 Sco in the literature. Therefore, we apply Equa-
tion (9) to Figure 13 and obtain the distance modulus
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Figure 14. The (a) B and (b) IC light curves of V1534 Sco
and V745 Sco. The filled magenta stars denote the B and
IC magnitudes of V1534 Sco while the filled black triangles
represent the B and IC magnitudes of V745 Sco. The light
curve of V745 Sco is stretched by fs = 1.26 and shifted down
by ∆B = 1.5 and ∆IC = 0.8, as listed in the figure.
in the V band relative to the three novae as
(m−M)V,V1534 Sco
=(m−M +∆V )V,V745 Sco − 2.5 log 1.26
=16.6± 0.2 + 1.3± 0.1− 0.25 = 17.55± 0.2
=(m−M +∆V )V,T CrB − 2.5 log 1.26
=10.1± 0.3 + 7.8± 0.1− 0.25 = 17.55± 0.3
=(m−M +∆V )V,V838 Her − 2.5 log 1.0
=13.7± 0.3 + 3.9± 0.1− 0.0 = 17.6± 0.3, (11)
where we adopt (m−M)V,V745 Sco = 16.6±0.2 in Section
2.1, (m −M)V,T CrB = 10.1 ± 0.3 in Section 2.2, and
(m−M)V,V838 Her = 13.7± 0.3 in Section 2.3. Thus, we
obtain (m −M)V = 17.6 ± 0.3 and fs = 1.26 (against
V745 Sco) for V1534 Sco.
Figure 14 shows the (a) B and (b) IC magnitudes of
V1534 Sco and V745 Sco on a logarithmic timescale.
Figure 15. Distance-reddening relation toward (a)
V745 Sco and (b) V1534 Sco. Each symbol and lines are
the same as those in Figure 4(a) and (d), respectively. How-
ever, we plot various distance-reddening relations assum-
ing different reddenings of E(B − V ) = 1.0 (thick solid
lines) and E(B − V ) = 0.5 (thin solid lines) for V745 Sco
for comparison. In panel (a), the thick/thin solid blue
lines denote (m − M)V = 17.5/16.1, which are just cal-
culated from Equation (5) together with d = 7.5/8.1 kpc
and E(B − V ) = 1.0/0.5, not a result of fitting. In panel
(b), the thick/thin solid green, blue, and cyan lines de-
note (m − M)B = 19.75/17.85, (m − M)V = 18.5/17.1,
and (m −M)I = 16.5/15.9, respectively. These three lines
do not exactly but broadly cross at d = 8.5/9.1 kpc and
E(B−V ) = 1.24/0.74, respectively. See the text for detail.
Light Curve Analysis of Novae 19
These two nova light curves overlap to each other.
Therefore, we again apply Equation (9) to the B mag-
nitudes of V1534 Sco and V745 Sco in Figure 14(a), and
obtain
(m−M)B,V1534 Sco
=(m−M +∆B)B,V745 Sco − 2.5 log 1.26
=17.3± 0.2 + 1.5± 0.1− 0.25 = 18.55± 0.2,(12)
where we adopt the absorption law of AB = 4.1×E(B−
V ) from Rieke & Lebofsky (1985) and use the distance-
reddening relation of
(m−M)B = 4.1× E(B − V ) + 5 log(d/10 pc), (13)
and (m−M)B,V745 Sco = 16.6+ 1.0× 0.7 = 17.3. Thus,
we obtain (m−M)B = 18.55± 0.2 for V1534 Sco.
We further apply Equation (9) to the IC magnitudes
of V1534 Sco and V745 Sco in Figure 14(b), and obtain
(m−M)I,V1534 Sco
=(m−M +∆IC)I,V745 Sco − 2.5 log 1.26
=15.55± 0.2 + 0.8± 0.1− 0.25 = 16.1± 0.2,(14)
where we adopt the absorption law of AI = 1.5×E(B−
V ) from Rieke & Lebofsky (1985) and use the distance-
reddening relation of
(m−M)I = 1.5× E(B − V ) + 5 log(d/10 pc), (15)
and (m−M)I,V745 Sco = 16.6−1.6×0.7 = 15.55. Thus,
we obtain (m−M)I = 16.1± 0.2 for V1534 Sco.
We plot the distance-reddening relations of Equations
(13), (5), and (15) for (m −M)B = 18.55 (green line),
(m−M)V = 17.6 (blue line), and (m−M)I = 16.1 (cyan
line) for V1534 Sco in Figure 4(d). These three lines
consistently cross at d = 8.8 kpc and E(B − V ) = 0.93.
This demonstrates an independent consistency check of
our distance and reddening even if we assume the time-
stretching method.
2.4.2. Reddening and distance
We examine this result of (m−M)V = 17.6 and E(B−
V ) = 0.93 from various points of view. For the redden-
ing toward V1534 Sco, whose galactic coordinates are
(l, b) = (354.◦3345,+3.◦9915), the NASA/IPAC Galactic
dust absorption map gives E(B−V ) = 0.93±0.05. This
value is close to the value of E(B − V ) = 0.91 given by
Joshi et al. (2015) and consistent with our cross point
of d = 8.8 kpc and E(B − V ) = 0.93. Therefore, we
adopt E(B − V ) = 0.93 and further examine whether
this value is reasonable or not.
Figure 4(d) shows various distance-reddening rela-
tions toward V1534 Sco. The vertical solid red line de-
notes the reddening of E(B − V ) = 0.93. The solid
green, blue, and cyan lines denote the distance mod-
uli in the B, V , and IC bands, i.e., (m − M)B =
18.55, (m − M)V = 17.6, and (m − M)I = 16.1.
These four lines cross at E(B − V ) = 0.93 and d =
8.8 kpc. The relations of Marshall et al. (2006)
are plotted in four directions close to the direction of
V1534 Sco: (l, b) = (354.◦25,+3.◦75) (open red squares),
(354.◦50,+3.◦75) (filled green squares), (354.◦25,+4.◦00)
(blue asterisks), and (354.◦50,+4.◦00) (open magenta
circles). The direction of V1534 Sco is midway be-
tween those of the blue asterisks and open magenta cir-
cles. The open cyan-blue diamonds show the relation
of O¨zdo¨rmez et al. (2016), which is roughly consistent
with that of Marshall et al. until d = 6 kpc. The cross
point at E(B − V ) = 0.93 and d = 8.8 kpc is consis-
tent with the relation of Marshall et al. Then, the ver-
tical distance from the galactic plane is approximately
z = +610 pc. Thus, it is likely that V1534 Sco belongs
to the galactic bulge (Munari et al. 2017).
2.4.3. Color-magnitude diagram
Using E(B − V ) = 0.93 and (m − M)V = 17.6
(d = 8.8 kpc), we plot the color-magnitude diagram
of V1534 Sco in Figure 6(b). The track of V1534 Sco
(filled red circles) is located closely to that of V745 Sco
(open magenta diamonds). These two tracks almost
overlap apart from the difference in the peak brightness:
V1534 Sco has MV,max = 11.8 − 17.6 = −5.8, whereas
V745 Sco reached MV,max = 8.66− 16.6 = −7.94. This
overlap supports our derived values of E(B−V ) = 0.93
and (m−M)V = 17.6 (d = 8.8 kpc). We conclude that
the distance of d = 8.8 ± 0.9 kpc and the reddening of
E(B−V ) = 0.93±0.05 are reasonable. Thus, we confirm
that Equations (8) and (9) are satisfied for V1534 Sco.
2.4.4. Consistency check with V745 Sco
The three relations, i.e., (m − M)B = 18.55, (m −
M)V = 17.6, and (m − M)I = 16.1 for V1534 Sco,
consistently cross at the point of d = 8.8 kpc and
E(B − V ) = 0.93 in the distance-reddening relation in
Figure 4(d). These three distance moduli are calculated
from Equations (12), (11), and (14) using V745 Sco’s
(m−M)B = 17.3, (m−M)V = 16.6, and (m−M)I =
15.55. However, these V745 Sco’s values are calculated
assuming the reddening of E(B − V ) = 0.70. We check
the dependency on the reddening of V745 Sco.
If we adopt a different value, for example, E(B−V ) =
1.0, we have a different cross point as shown in Figure
15(a). Here we assume (m −M)K = 8.33 − (−6.39) =
14.72 (only this value is fixed from Equation (3) and
mK = 8.33). Then, we calculate distance modulus in
each band as (m−M)B = (m−M)K+3.75×E(B−V ) =
18.5, (m−M)V = (m−M)K+2.75×E(B−V ) = 17.5,
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and (m−M)I = (m−M)K + 1.15× E(B − V ) = 15.9
for V745 Sco. Using these different values in Equations
(12), (11), and (14), we obtain (m−M)B = 19.75, (m−
M)V = 18.5, and (m−M)I = 16.5 for V1534 Sco. These
new three lines do not exactly but broadly cross at d =
8.5 kpc and E(B−V ) = 1.24 as plotted (thick solid lines)
in Figure 15(b). This reddening of E(B − V ) = 1.24 is
much larger than the reddening of E(B − V ) = 0.91
obtained by Joshi et al. (2015) (or E(B−V ) = 0.93 of
our cross point in Figure 4(d)).
Similarly if we adopt a smaller reddening of E(B −
V ) = 0.50 for V745 Sco, we obtain (m −M)B = (m −
M)K+3.75×E(B−V ) = 16.6, (m−M)V = (m−M)K+
2.75×E(B − V ) = 16.1, and (m−M)I = (m−M)K +
1.15×E(B − V ) = 15.3 for V745 Sco. Then, we obtain
(m−M)B = 17.85, (m−M)V = 17.1, and (m−M)I =
15.9 for V1534 Sco. These three lines roughly cross at
d = 9.1 kpc and E(B − V ) = 0.74 as plotted (thin solid
lines) in Figure 15(b). This value of E(B − V ) = 0.74
is much smaller than E(B − V ) ≈ 0.9. Therefore, such
a smaller value of E(B − V ) = 0.50 for V745 Sco is not
supported.
We have already discussed the distance and reddening
in Sections 2.4.2 and 2.4.3, and concluded that the red-
dening of E(B−V ) = 0.93 is reasonable for V1534 Sco.
In other words, only the reddening of E(B−V ) ≈ 0.7 for
V745 Sco is consistent with the reddening of E(B−V ) ≈
0.9 for V1534 Sco. We should also note that the distance
of V1534 Sco is well constrained to d = 8.8 ± 0.3 kpc
even for a wide range of E(B − V ) = 0.5 − 1.0 for
V745 Sco. This analysis confirms that only the two sets
of d = 7.8 kpc and E(B − V ) = 0.70 for V745 Sco and
d = 8.8 kpc and E(B − V ) = 0.93 for V1534 Sco are
consistent with each other in the distance-reddening re-
lations and color-magnitude diagram.
2.5. Faint locations much below the MMRD relations
It has been frequently discussed that very fast novae
and recurrent novae sometimes deviate from the MMRD
relations (e.g., Schaefer 2010; Hachisu & Kato 2010,
2015, 2016a). Here, the two empirical MMRD relations
are defined as (Kaler-Schmidt’s law, MMRD1)
MV,max = −11.75 + 2.5 log t3, (16)
by Schmidt (1957), and as (Della Valle & Livio’s law,
MMRD2)
MV,max = −7.92− 0.81 arctan
(
1.32− log t2
0.23
)
, (17)
by della Valle & Livio (1995), where MV,max is the ab-
solute V magnitude at maximum, (t2 or) t3 is the period
of days during which the nova decays by (two or) three
Figure 16. Maximum magnitude vs. rate of decline re-
lations for the rapid-decline (V745 Sco) type novae. Each
symbol is labeled with a nova name. The filled symbols
correspond to novae in our galaxy, whereas the open sym-
bols denote novae in extra-galaxies. Kaler-Schmidt’s law
(labeled “MMRD1,” Schmidt 1957) is denoted by a blue
line with two attendant lines corresponding to the cases of
±0.5 mag brighter/fainter. Della Valle & Livio’s law (la-
beled “MMRD2,” della Valle & Livio 1995) is indicated by
a magenta line flanked with ±0.5 mag brighter/fainter lines.
The three cyan lines represent Equations (B11), (B10), and
(B12) in Appendix B, from upper to lower. These cyan lines
envelop the galactic novae studied by Downes & Duerbeck
(2000), as shown in Figure 51 of Appendix B. We call this
region the broad MMRD relation.
magnitudes from the V maximum. We use t2 ≈ 0.6× t3
(Hachisu & Kato 2006) to calculate t2 from t3 in Equa-
tion (17). Kaler-Schmidt’s law is denoted in Figure 16
by a blue solid line with two attendant blue solid lines,
corresponding to ±0.5 mag brighter/fainter cases. Della
Valle & Livio’s law is indicated by a magenta solid line
flanked with ±0.5 mag brighter/fainter cases.
As mentioned in Section 1, Hachisu & Kato (2010)
theoretically examined the MMRD law on the basis
of their universal decline law. They showed that the
main trend of the MMRD relation is governed by the
WD mass (timescaling factor of fs) and the second
parameter (the initial envelope mass, i.e., the igni-
tion mass) causes large scatter around the main trend
of the MMRD relations. Hachisu & Kato (2010) re-
produced the distribution of MMRD points summa-
rized by Downes & Duerbeck (2000). We plot Hachisu
& Kato’s results with the three cyan lines in Fig-
Light Curve Analysis of Novae 21
Figure 17. WD mass vs. timescaling factor log fs. The
timescaling factor is measured against that of V745 Sco (fs =
1.0 for V745 Sco). The data are taken from Table 3. See the
text for more detail.
ure 16, which represent Equations (B11), (B10), and
(B12) in Appendix B, from top to bottom. These
three cyan lines envelop the MMRD points studied by
Downes & Duerbeck (2000) as shown in Figure 51 of
Appendix B. We call this region the broad MMRD re-
lation.
In Figure 16, we plot the MMRD points (t3,MV,max)
of the V745 Sco (rapid-decline) type novae in our galaxy,
LMC, and M31, some of which (filled symbols) are dis-
cussed in this section and the others (open symbols) are
examined in Section 5. They are tabulated in Table 2.
All of them are far outside the broad MMRD relation
(solid cyan lines). It is clear that the MMRD relations
cannot be applied to the rapid-decline type novae.
2.6. WD mass vs. timescaling factor
Figure 17 shows the WD mass against the timescaling
factor of log fs, where the timescaling factor is measured
based on that of V745 Sco (fs = 1.0 for V745 Sco). The
WD mass of V745 Sco (log fs = 0.0) is estimated to be
MWD = 1.385M⊙ from the X-ray model light curve fit-
ting in Section 2.1. The WD mass of M31N 2008-12a
(log fs = 0.0) was suggested to be MWD = 1.38 M⊙
from the X-ray and optical model light curve fitting
(Kato et al. 2017, see also Section 5.6 below). The
WD mass of V838 Her (log fs = 0.1) is obtained to be
MWD = 1.37M⊙ from the V and UV 1455 A˚ model light
curve fitting in Section 2.3. We plot these WD masses
with open blue triangles (UV 1455 A˚), open magenta
diamonds (tSSS−on), and filled green stars (tSSS−off), as
listed in Table 3.
Assuming that the WD mass is linearly related to the
timescaling factor of log fs between log fs = 0.0 and
log fs = 0.3 (and differently related between log fs = 0.3
and log fs = 1.1), we determine each WD mass of the
novae (large open black circles) as shown in Figure 17.
We estimate the ambiguity of the WD mass determina-
tion could be±(0.01−0.02)M⊙ from this linear relation.
The main reason is the difference in the chemical com-
position of hydrogen-rich envelope as shown in the case
of V838 Her (1.37 M⊙ vs. 1.35 M⊙).
Among these 14 novae, we have already analyzed 4
novae in this section, i.e., T CrB (log fs = 0.0, 1.38M⊙,
RG, Porb = 227.6 days), V838 Her (log fs = 0.1,
1.37 M⊙, MS, Porb = 0.2976 days), V745 Sco (log fs =
0.0, 1.385 M⊙, RG, Porb =unknown), and V1534 Sco
(log fs = 0.1, 1.37 M⊙, RG, Porb =unknown). It is un-
likely that these WDs were born as massive as they are
(& 1.37 M⊙, see, e.g., Doherty et al. 2015). We sup-
pose that these WDs have grown in mass. This strongly
suggests further increases in the WD masses in these
systems.
The WD masses of SN Ia progenitors should be close
to or exceed the SN Ia explosion mass ofMIa = 1.38M⊙
(Nomoto 1982), as mentioned in Section 1. The typ-
ical mass-increasing rates of WDs are M˙WD ∼ 1 ×
10−7 M⊙ yr
−1 just below the stability line of hydro-
gen shell burning, that is, in relatively short-recurrence-
period novae (see, e.g., Kato et al. 2017). The WD
mass increases from 1.37 M⊙ to MIa = 1.38 M⊙ and
explodes as a SN Ia. It takes approximately tIa ∼
0.01M⊙/1×10
−7 M⊙ yr
−1 = 1×105 yr, which is much
shorter than the evolution timescale of the donor (RG
star or MS star). Therefore, these WDs have grown in
mass and will explode as a SN Ia if the core consists of
carbon and oxygen.
Note that V838 Her is identified as a neon nova be-
cause the ejecta are enriched by neon. The neon rich
ejecta, however, do not always mean that the under-
ling WD has an oxygen-neon core. A mass-increasing
WD, like in some recurrent novae, develops a helium
layer underneath the hydrogen burning zone and experi-
ences periodic helium shell flashes (e.g., Wu et al. 2017;
Kato et al. 2017). Helium burning produces neon and
other heavy elements that remain after the helium shell
flash and mixed into the freshly accreted hydrogen-rich
matter. The next recurrent nova outburst could show
strong neon lines. Thus, the neon nova identification
should not be directly connected to an oxygen-neon core
when the WD mass is close to the Chandrasekhar mass.
Considering this possibility and unlikely born massive
WD, we regard V838 Her is a candidate of SN Ia pro-
genitors.
2.7. Summary of the rapid-decline (V745 Sco) type
novae
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We summarize the results on the four rapid-decline
type novae.
1. We analyzed four very fast novae including two re-
current novae, V745 Sco, T CrB, V838 Her, and
V1534 Sco. We obtained the distances, distance
moduli in the V band, and reddenings of the four
novae using various methods. The results are sum-
marized in Table 1. These novae are located sig-
nificantly above or below the scale height of galac-
tic matter distribution (z = ±125 pc, see, e.g.,
Marshall et al. 2006).
2. The V light curves of the four novae almost over-
lap when we properly stretch their timescales by
a factor of fs and shift up or down their V light
curves by ∆V (see Figure 2). This means that
these novae satisfy the timescaling law of Equa-
tion (8). Utilizing the obtained distance mod-
uli in the V band and the time-stretching fac-
tor of fs, we confirm that these four novae satisfy
the time-stretching method of Equation (9). The
time-stretching method is applicable to the rapid-
decline type novae including recurrent novae.
3. All the four novae are substantially fainter than
the MMRD relations. In particular, V1534 Sco
is located significantly below Kaler-Schmidt’s
law (MMRD1) and Della Valle & Livio’s law
(MMRD2). This means that the MMRD rela-
tions cannot be applied to the rapid-decline type
novae.
4. The WD mass of V745 Sco is estimated to be
MWD = 1.385 M⊙ from our model light curve fit-
ting with the supersoft X-ray light curve. This
WD mass is more massive than MWD = 1.38 M⊙
of the 1-yr recurrence period nova, M31N 2008-
12a. This is consistent with the earlier appearance
of the SSS phase of V745 Sco (tSSS−on ∼ 4 days)
than that of M31N 2008-12a (tSSS−on ∼ 6 days).
5. The WD mass of V838 Her is independently esti-
mated to beMWD = 1.37M⊙ from our model light
curve fitting with the UV 1455 A˚ light curve. This
is consistent with the timescaling factor fs = 1.26
of V838 Her, which is slightly longer than fs = 1.0
of V745 Sco (MWD = 1.385 M⊙), suggesting that
its WD mass is smaller than that of V745 Sco.
6. The rapid-decline type novae have a timescaling
factor of fs = 1.0 and fs = 1.26. Therefore, their
WD masses are MWD = 1.38 M⊙ (or 1.385 M⊙)
and MWD = 1.37 M⊙, respectively. It is unlikely
that the WDs were born as massive as they are.
Figure 18. Same as Figure 3, but for the RS Oph 1958,
1985, and 2006 outbursts. The colors are dereddened with
E(B−V ) = 0.65. (a) The V data (filled red circles) are taken
from Siviero & Munari (2006), AAVSO, and SMARTS for
the 2006 outburst and from Connelley & Sandage (1958) for
the 1958 outburst. The SMEI band data (filled cyan circles)
are from Hounsell et al. (2010) for the 2006 outburst. We
also plot the supersoft X-ray (0.3− 0.55 keV, magenta plus,
Hachisu et al. 2007) for the 2006 outburst, UV 1455 A˚ band
(filled blue triangles, Cassatella et al. 2002) and radio (1.49
GHz) band fluxes (filled green stars, Hjellming et al. 1986)
for the 1985 outburst. (b) The B−V data (filled red circles)
are from Siviero & Munari (2006), AAVSO, and SMARTS
for the 2006 outburst and from Connelley & Sandage (1958)
for the 1958 outburst. (c) The U −B data (filled red circles)
are taken from Connelley & Sandage (1958) for the 1958
outburst.
These WDs should have grown in mass after they
were born. This supports that the rapid-decline
type novae are immediate progenitors of SNe Ia if
their WDs have a carbon-oxygen core.
3. TIMESCALING LAW OF CSM-SHOCK NOVAE
Light Curve Analysis of Novae 23
We analyze the light curves of RS Oph and V407 Cyg
and show that these two novae follow a timescaling law
if we consider the interaction between ejecta and CSM.
We call this group of novae the CSM-shock (RS Oph)
type novae.
3.1. RS Oph (2006)
RS Oph is a recurrent nova with six recorded out-
bursts in 1898, 1933, 1958, 1967, 1985, and 2006 (e.g.,
Schaefer 2010). The orbital period of 453.6 days was
obtained by Brandi et al. (2009). Figure 18 shows (a)
the V magnitudes, SMEI magnitudes (Hounsell et al.
2010), radio (1.49 GHz) fluxes (Hjellming et al. 1986),
UV 1455 A˚, and X-ray light curves, (b) (B − V )0, and
(c) (U − B)0 color curves of RS Oph on a logarith-
mic timescale. The V magnitude reaches mV,max = 4.8
and declines with t2 = 6.8 and t3 = 14 days (Schaefer
2010). The WD mass of RS Oph was estimated to be
MWD = 1.35±0.01M⊙ by Hachisu et al. (2006b, 2007)
from the model V and supersoft X-ray light curve fit-
tings. Thus, we regard the WD mass of RS Oph to be
1.35M⊙. Hachisu & Kato (2001b) argued that RS Oph
is a progenitor of SNe Ia because the WD mass is close
to the SN Ia explosion mass of MIa = 1.38 M⊙ and now
increases. Miko lajewska & Shara (2017) also reached a
similar conclusion.
The V and radio light curves clearly show the trend
of Fν ∝ t
−1.55, as shown in Figure 18(a). However,
the SMEI magnitude light curve has a different trend
of LSMEI ∝ t
−1.0, where LSMEI is the luminosity of
the SMEI band. This is because the SMEI magni-
tude is a wide-band (peak quantum efficiency at 700
nm with a full width at half maximum (FWHM) of 300
nm) and include the flux of very strong Hα line, which
mainly comes from the shock interaction. RS Oph has
a RG companion and the companion star emits cool
slow winds (∼ 40 km s−1, see Iijima 2009), which form
CSM around the binary before the nova outburst. The
ejecta of the nova outburst have high velocity, up to
∼ 4000 km s−1, and collide with the CSM, giving rise
to strong shock (e.g., Sokoloski et al. 2006). The shock
interaction contributes to the Hα line and slows the de-
cay of SMEI magnitude. Such an interaction between
ejecta and CSM was frequently observed in supernovae
Type IIn, and the relation LV ∝ t
−1.0 in the V -band
luminosity was calculated by Moriya et al. (2013) for
SN 2005ip. We discuss this point in more detail in the
next subsection on V407 Cyg.
For the reddening and distance modulus toward
RS Oph, we adopt E(B − V ) = 0.65 ± 0.05 and
(m−M)V = 12.8± 0.2 after Hachisu & Kato (2016b).
The distance is calculated to be d = 1.4 ± 0.2 kpc.
This reddening is roughly consistent with those ob-
tained by Snijders (1987), i.e., E(B − V ) = 0.73± 0.06
from the He II line ratio of 1640A˚ and 3203A˚, and
E(B−V ) = 0.73±0.10 from the 2715A˚ interstellar dust
absorption feature. The NASA/IPAC galactic dust ab-
sorption map also gives E(B − V ) = 0.64± 0.03 in the
direction toward RS Oph, whose galactic coordinates
are (l, b) = (19.◦7995,+10.◦3721).
There are still debates on the distance to RS Oph
(see, e.g., Schaefer 2010). Hjellming et al. (1986) esti-
mated the distance to be 1.6 kpc from H I absorption-
line measurements. Snijders (1987) also obtained the
distance of 1.6 kpc assuming the UV peak flux is equal
to the Eddington luminosity. Harrison et al. (1993)
calculated a distance of 1290 pc from the K-band lu-
minosity. Hachisu & Kato (2001b) obtained a smaller
distance of 0.6 kpc from the comparison of observed
and theoretical UV fluxes integrated for the wavelength
region of 911-3250 A˚ . They assumed blackbody radi-
ation at the photosphere, although the free-free flux
is much larger than the blackbody flux in this wave-
length region. Hachisu et al. (2006b) revised the dis-
tance to be 1.3 − 1.7 kpc from the y and Ic band light
curve fittings in the late phase of the 2006 outburst.
O’Brien et al. (2006) estimated the distance of 1.6 kpc
from VLBA mapping observation with an expansion ve-
locity indicated from emission line width. Monnier et al.
(2006) estimated a shorter distance of < 540 pc as-
suming that the IR interferometry size corresponds to
the binary separation. If we regard this IR emission
region as a circumbinary disk, we get a much larger
distance. Barry et al. (2008) reviewed various esti-
mates and summarized that, for the 2006 outburst, the
canonical distance is 1.4+0.6
−0.2 kpc. On the other hand,
Schaefer (2009) proposed d = 4.2 ± 0.9 kpc assuming
that the companion fills its Roche lobe. We do not think
that this assumption is supported by observation (e.g.,
Mu¨rset & Schmid 1999). Therefore, our adopt value
of 1.4 ± 0.2 kpc is roughly consistent with many other
estimates except for Schaefer’s large value.
We plot the color-magnitude diagram of RS Oph
in Figure 6(c), the data of which are taken from
Connelley & Sandage (1958) (filled red circles) for
the 1958 outburst, and AAVSO (open red diamonds),
VSOLJ (encircled magenta pluses), SMARTS (blue
stars), and Sostero & Guido (2006a,b) (filled blue tri-
angles), Sostero et al. (2006c) (filled blue triangles) for
the 2006 outburst.
Figure 19(a) shows various distance-reddening rela-
tions toward RS Oph. In the figure, we plot the vertical
red line of E(B − V ) = 0.65, the distance modulus in
the V band of (m −M)V = 12.8 (solid blue line), the
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Figure 19. Same as Figure 4, but for (a) RS Oph, (b) V407 Cyg, (c) U Sco, and (d) CI Aql. The thick solid blue lines
denote (a) (m − M)V = 12.8, (b) (m − M)V = 16.1, (c) (m − M)V = 16.3, and (d) (m −M)V = 15.7. In panel (c), we
add three distance-reddening relations of Equations (13), (15), and (4) for U Sco, that is, (m −M)B = 16.6 (magenta line),
(m−M)I = 15.9 (cyan line), and (m−M)K = 15.6 (green line).
UV 1455 A˚ flux fitting (solid magenta line), the rela-
tions of Marshall et al. (2006): (l, b) = (19.◦75,+10.◦0)
(open red squares) and (l, b) = (20.◦0,+10.◦0) (filled
green squares), and the relations of Green et al. (2015,
2018) (solid black and orange lines, respectively). The
three lines of E(B − V ) = 0.65, (m−M)V = 12.8, and
UV 1455 A˚ flux fitting consistently cross at E(B−V ) =
0.65 and d = 1.4 kpc. Then, the location of RS Oph is
approximately z = +250 pc above the galactic plane.
These data are the same as those in Figure 15 of
Hachisu & Kato (2016b). The relation of Green et al.
(2015) (black line) gives a larger value of E(B − V ) =
0.73 for d > 2 kpc. However, the NASA/IPAC galactic
dust absorption map gives E(B − V ) = 0.64 ± 0.03 in
the direction toward RS Oph, which is consistent with
our value of E(B − V ) = 0.65± 0.05.
3.2. V407 Cyg 2010
V407 Cyg is a well-observed symbiotic nova (e.g.,
Munari et al. 1990), in which a WD accretes mass from
a cool RG companion via the Roche-lobe overflow or
stellar wind. The RG companion of V407 Cyg is a Mira
with the pulsation period of 762.9 days in the K band
(Kolotilov et al. 2003). SiO maser observations sug-
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Figure 20. Same as Figure 12, but for V407 Cyg. (a)
The UBV data (open magenta diamonds) are taken from
Esipov et al. (2015). The BV data (filled green stars)
are from VSOLJ. The BV data (open blue circles) are
from AAVSO. The BV data (filled red circles) are from
Munari et al. (2011b). The X-rays (0.3 − 2.0 keV, denoted
by magenta pluses) are from Nelson et al. (2012). The V
light curve shows a sharp decay around JD 2455310, which
we identify as the shock breakout. (b) The (B − V )0 are
dereddened with E(B − V ) = 1.0. (c) The (U − B)0 are
dereddened with E(B − V ) = 1.0. The horizontal solid red
line denotes the color of optically thick free-free emission,
i.e., (U −B)0 = −0.97.
gest that the Mira companion has already reached a
very late evolution stage of an AGB star (Deguchi et al.
2011; Cho et al. 2015). The 2010 outburst of V407 Cyg
was discovered on UT 2010 March 10.813 at mV = 7.6
(Nishiyama et al. 2010). Figure 20 shows (a) the V and
X-ray light curves, (b) (B−V )0, and (c) (U −B)0 color
curves of V407 Cyg. Here, (B − V )0 and (U − B)0 are
dereddened with E(B − V ) = 1.0, as explained below.
The nova reached mV,max = 7.1 on UT 2010 March 10.8
(JD 2455266.3) and then declined with t2 = 5.9 days
Figure 21. Same as Figure 8, but we plot the light/color
curves of V407 Cyg and RS Oph. (a) The filled red cir-
cles denote the V magnitudes of V407 Cyg, and the open
blue squares represent the V magnitudes of RS Oph. The
V data of V407 Cyg are taken from Munari et al. (2011b)
and Esipov et al. (2015). We add the IC magnitudes
(open magenta diamonds taken from AAVSO and VSOLJ)
of V407 Cyg and the SMEI magnitudes (filled blue circles)
of RS Oph. We also add the X-ray fluxes of V407 Cyg (red
pluses) and RS Oph (open blue stars). The (b) (B−V )0 and
(c) (U −B)0 color curves. The (B − V )0 and (U − B)0 are
dereddened with E(B − V ) = 1.0 and E(B − V ) = 0.65 for
V407 Cyg and RS Oph, respectively. See the text for more
detail.
and t3 = 24 days in the V -band (Munari et al. 2011b).
The V light curve sharply drops around JD 2455310.
X-rays were observed with Swift, which are in-
terpreted in terms of strong shock heating between
the ejecta and circumstellar cool wind (Nelson et al.
2012). The strong shock possibly produced gamma-
rays by accelerating high-energy particles. V407 Cyg is
the first gamma-ray-detected nova with Fermi/Large
Area Telescope (LAT) (Abdo et al. 2010). Since
V407 Cyg, gamma-rays were observed in six novae
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between 2010 and 2015, i.e., V1324 Sco, V959 Mon,
V339 Del, V1369 Cen, V745 Sco, and V5668 Sgr (e.g.,
Ackermann et al. 2014; Morris et al. 2017).
3.2.1. Reddening
Many authors adopted the reddening of E(B − V ) =
0.57 and the distance of d = 2.7 kpc after Munari et al.
(1990), who derived E(B − V ) = 0.57 by fitting the
broad-band spectrum of V407 Cyg with an M6III model
spectrum and d = 2.7 kpc from the Mira period-
luminosity relation. Shore et al. (2011) derived E(B −
V ) = 0.45± 0.05 from the depth of the diffuse interstel-
lar absorption bands and proposed that the Mira looks
like an M8III rather than M6III type. Iijima (2015)
argued that the diffuse interstellar bands cannot give a
reliable reddening because the different bands resulted
in very different values of the reddening; for example,
E(B − V ) = 0.15 from the band at λ = 6613 A˚ but
E(B − V ) = 0.76 from the band at λ = 6270 A˚ of
his spectra. Iijima (2015) obtained E(B − V ) = 0.6
from the color excess relation of E(B − V ) = (B −
V ) − (B − V )0 and the empirical relation of the in-
trinsic color of (B−V )0 = −0.02 ± 0.04 at time t2
(van den Bergh & Younger 1987). He used the B − V
colors of VSOLJ/VSNET which are rather scattered and
not reliable, as clearly shown in Figure 20(b). If we
use the B − V colors of Munari et al. (2011b), i.e., the
filled red circles in Figure 20(b), the empirical relation
of van den Bergh & Younger (1987) gives a reddening
value of E(B−V ) ∼ 1.0 at t2-time. In the present study,
we adopt E(B − V ) = 1.0 which is examined in detail
in Sections 3.2.2, 3.2.6, and 3.2.7.
3.2.2. Distance-reddening relation
V407 Cyg is a symbiotic binary star system consist-
ing of a mass-accreting hot WD and a cool Mira gi-
ant with a pulsation period of 762.9 days in the K
band (Kolotilov et al. 2003). The period-luminosity re-
lation of the LMC Miras has a bend at the pulsation
period of ∼ 400 days (Ita & Matsunaga 2011). Beyond
the bend, Ita & Matsunaga (2011) obtained the period-
luminosity relation as
MKs = (−6.850±0.901) logP +28.225±2.493−µ0,LMC,
(18)
where P (> 400 days) is the pulsation period in days and
µ0,LMC is the distance modulus toward LMC. We adopt
µ0,LMC = 18.493±0.048 (Pietrzyn´ski et al. 2013). Sub-
stituting P = 762.9 days into Equation (18), we obtain
the absolute Ks magnitude of MKs = −10.01. The av-
erage K mag of V407 Cyg is mK = 3.3, and thus we
have
(m−M)K = 0.353×E(B−V )+5 log(d/1 kpc)+10 = 13.31,
(19)
where we adopt the reddening law of AK = 0.353 ×
E(B−V ) (Cardelli et al. 1989). We plot this distance-
reddening relation of (m−M)K = 13.31 using the thick
green line in Figure 19(b). Substituting E(B−V ) = 1.0
into Equation (19), we obtain the distance of d =
3.9 kpc. Then, the location of V407 Cyg is z = −33 pc
below the galactic plane, because the galactic coor-
dinates of V407 Cyg are (l, b) = (86.◦9826,−0.◦4820).
The distance modulus in the V band is calculated to
be (m − M)V = 16.1 from Equation (5). In the
same figure, we include the distance-reddening law of
(m−M)V = 16.1 (solid blue line) and the reddening of
E(B − V ) = 1.0 (vertical solid red line).
Figure 19(b) also shows various 3D extinction maps
toward V407 Cyg. The relations of Marshall et al.
(2006) are plotted in four directions close to the direction
of V407 Cyg: (l, b) = (86.◦75,−0.◦25) (open red squares),
(87.◦00,−0.◦25) (filled green squares), (86.◦75,−0.◦50)
(blue asterisks), and (87.◦00,−0.◦50) (open magenta cir-
cles). The closest one is that of the open magenta circles.
We include the relations of Green et al. (2015, 2018)
(thick solid black and orange lines, respectively) and
O¨zdo¨rmez et al. (2016) (open cyan-blue diamonds).
The 3D distance-reddening relations of Marshall et al.
and Green et al., (m−M)V = 16.1, (m−M)K = 13.31,
and E(B − V ) = 1.0 consistently cross each other at
the distance of d = 3.9 kpc (and the reddening of
E(B − V ) = 1.0). Thus, we finally confirm that the
reddening of E(B − V ) = 1.0 and the distance modulus
in the V band of (m−M)V = 16.1 are reasonable.
3.2.3. CSM-shock interaction
Figure 21(a) shows a comparison of light curves of
V407 Cyg and RS Oph on a logarithmic timescale. We
stretch the timescale of RS Oph by a factor of fs = 4.5
and shift down both the V and SMEI light curves of
RS Oph by 4.9 mag. The V light curve of RS Oph
(open blue squares) overlaps that of V407 Cyg (filled
red circles) in the later phase, whereas the SMEI light
curve of RS Oph (blue dots) overlap the V light curve
of V407 Cyg (filled red circles). The V light curve of
V407 Cyg decays as Fν ∝ t
α (α = −1.0, denoted by the
solid red line) in the early phase (up to t ∼ 45 days).
Cool winds from the Mira companion form CSM
around the binary (e.g., Mohamed & Podsiadlowski
2012). The nova ejecta collide with the CSM and form
a strong shock (e.g., Orlando & Drake 2012; Pan et al.
2015). Shore et al. (2011) and Iijima (2015) showed
that the strong shock between the ejecta and CSM
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contributes to the emission lines and soft X-ray flux.
Such an interaction between ejecta and CSM was fre-
quently observed in supernovae Type IIn. For example,
Moriya et al. (2013) showed that Fν ∝ t
α (α ≈ −1.0)
in the V -band for SN 2005ip. Thus, we interpret this
early decay of Fν ∝ t
−1 as the shock interaction. The
IC light curve of V407 Cyg also show a decline trend of
Fν ∝ t
−1.0, which is shifted down by 2.7 mag.
Considering the shock interaction, we propose the evo-
lution of V407 Cyg V light curve as follows: in the early
stage, just after the optical maximum, the ejecta col-
lide with the CSM and produce a strong shock. This
shock-heating contributes significantly to the V bright-
ness. Then, the shock broke out of the CSM approxi-
mately 45 days after the outburst (JD 2455310). Soon
after the shock breakout, the V light curve decays as
Fν ∝ t
−1.55, as shown in Figure 21(a). This α = −1.55
is close to the universal decline law of α = −1.75 (see
Hachisu & Kato 2006).
RS Oph decays as Fν ∝ t
−1.55 in the V band, as shown
in Figure 18(a). The CSM shock is much weaker in
RS Oph than in V407 Cyg, such that the V light curve
of RS Oph is close to that of the universal decline law
(Fν ∝ t
−1.75) showing no indication of strong shock in-
teraction (Fν ∝ t
−1.0). The radio flux also follows the
same decline trend of Fν ∝ t
−1.55 in the later phase. In
other words, the shock interaction is strong enough to
increase the continuum flux to Fν ∝ t
−1.0 in V407 Cyg,
but not enough in RS Oph. In contrast, the SMEI light
curve of RS Oph almost obeys LSMEI ∝ t
−1.0 like the
early decline trend of V407 Cyg, where LSMEI is the
SMEI band luminosity. This is because the SMEI mag-
nitude is a wide-band (peak quantum efficiency at 700
nm with an FWHM of 300 nm) and envelopes a very
strong Hα line, which mainly comes from the shock in-
teraction.
It should be noted that the three rapid-decline no-
vae, V745 Sco, T CrB, and V1534 Sco, also have a RG
companion but do not show clear evidence of shock-
heating in their V (or visual) light curves, because no
part shows Fν ∝ t
−1. Their V light curves almost
overlap to that of V838 Her, which has a MS compan-
ion as mentioned in Section 2.3. The X-ray fluxes of
V407 Cyg, RS Oph, V745 Sco, and V1534 Sco were ob-
served with Swift. Their origin could be shock-heating
in the very early phase, before the SSS phase started.
Munari & Banerjee (2018) showed no evidence of decel-
eration of ejecta in V1534 Sco. These indicate that the
shape of V light curve changes from that of V407 Cyg
to RS Oph, and finally to V1534 Sco, depending on
the strength of shock interaction. V407 Cyg shows a
strongest limit of shock interaction while V1534 Sco cor-
responds to a weakest limit of shock.
3.2.4. Timescaling law and time-stretching method
As discussed in the previous subsection, the V light
curve of V407 Cyg essentially follows a similar decline
law to RS Oph. We apply V407 Cyg and RS Oph to
Equations (8) and (9) and obtain the following relation
(m−M)V,V407 Cyg = 16.1
=(m−M +∆V )V,RS Oph − 2.5 log fs
=12.8 + ∆V − 2.5 log fs, (20)
where we adopt (m−M)V,RS Oph = 12.8 in Section 3.1.
We have the relation between ∆V and fs as
∆V − 2.5 log fs = 3.3, (21)
where ∆V is the vertical shift and log fs is the horizontal
shift with respect to the original V light curve of RS Oph
in Figure 18(a). If we choose an arbitrary ∆V , these
two V light curves do not overlap. We search by eye for
the best-fit value by changing ∆V in steps of 0.1 mag
and obtain the set of ∆V and log fs for best overlap;
∆V = 4.9 and log fs = 0.65 (fs = 4.5), as shown in
Figure 21.
3.2.5. WD mass of V407 Cyg
Using the linear relation between MWD and log fs in
Figure 17, we obtain the WD mass of MWD = 1.22 M⊙
for V407 Cyg (see also Table 3). Here, we use the lin-
ear relation between log fs = 0.3 and log fs = 1.1 (right
solid red line). Even if we assume the WD mass in-
creases at the rate of M˙WD = 1× 10
−7 M⊙ yr
−1 as dis-
cussed in Section 2.6, it takes tIa = (1.38−1.22)M⊙/1×
10−7M⊙ yr
−1 = 1.6× 106 yr to explode as a SN Ia. We
do not expect that this high mass-accretion rate will con-
tinue for such a long time, because the Mira companion
has already reached a very late evolution stage of an
AGB star as suggested by the SiO maser observations
(Deguchi et al. 2011; Cho et al. 2015). Therefore, we
suppose that V407 Cyg is not a progenitor of SNe Ia.
3.2.6. Color-magnitude diagram
Using E(B − V ) = 1.0 and (m − M)V = 16.1, we
plot the color-magnitude diagram of V407 Cyg in Figure
6(d). The color evolves down along with the red solid
line of (B − V )0 = −0.03, which is the intrinsic color
of optically thick winds (e.g., Hachisu & Kato 2014).
Note that the track of V407 Cyg is very similar to and
closely located to that of RS Oph (Figure 6(c)). Here,
we adopt only the data of Munari et al. (2011b) and
Esipov et al. (2015) because the other B−V color data
of the VSOLJ and AAVSO archives are rather scattered,
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as can be seen in Figure 20(b). This similarity again
confirms that our adopted values of E(B − V ) = 1.0
and (m−M)V = 16.1 (d = 3.9 kpc) are reasonable.
3.2.7. Discussion on the distance
The distance to V407 Cyg was determined to be
d = 2.7 kpc by Munari et al. (1990) or d = 1.9 kpc
by Kolotilov et al. (1998), based on the absolute K
magnitudes of the Mira companion, which were calcu-
lated from the period-luminosity relation of the Mira
variables (Glass & Feast 1982; Feast et al. 1989).
Munari et al. (1990) assumed E(B − V ) = 0.57,
J = 5.1, H = 4.0, K = 3.3, and the relations given by
Glass & Feast (1982), whereas Kolotilov et al. (1998)
used E(B−V ) = 0.40, Lcool,max = 4.7×10
3L⊙(d/kpc)
2
from the spectral energy distribution (SED) fitting with
the cool RG and Lcool,mid = 1.2 × 10
4L⊙ from the
period-luminosity relation of Feast et al. (1989). How-
ever, a bend was recently found at P ∼ 400 days
in the period-luminosity relation of Mira variables
(e.g., Ita & Matsunaga 2011). Above the bend, i.e.,
P & 400 days, the intrinsic luminosity of a Mira is
much brighter than the old period-luminosity relation.
Iijima (2015) made his period-luminosity relation of
Mira variables for P > 400 days. Using the min-
imum K magnitudes of V407 Cyg, he obtained the
distance of 5.3 ± 1 kpc, much larger than the old val-
ues of 2.7 and 1.9 kpc. Instead of Iijima’s relation,
we adopted the period-luminosity relation obtained
by Ita & Matsunaga (2011) and estimated the dis-
tance modulus in the K-band, i.e., (m −M)K = 13.31
(thick solid green line in Figure 19(b)). This rela-
tion gives a reasonable cross point of E(B − V ) = 1.0
and d = 3.9 kpc with the distance modulus in the
V -band, i.e., (m −M)V = 16.1 (solid blue line in Fig-
ure 19(b)). This cross point is consistent with the
distance-reddening relation given by Marshall et al.
(2006) (open magenta circles in Figure 19(b)) and
by Green et al. (2015, 2018) (solid black and orange
lines). This consistency supports our new estimates of
E(B − V ) = 1.0 and d = 3.9 kpc ((m−M)V = 16.1).
3.3. Template light curves of CSM-shock type novae
We have analyzed two novae, RS Oph and V407 Cyg,
both of which have CSM that was shock-heated by the
ejecta. The V light curves of these novae were influ-
enced by this shock-heating. The decay of optical and
NIR light curves obeys the Fν ∝ t
−1 (or LSMEI ∝ t
−1
for RS Oph) during the strong deceleration phase of the
ejecta. After the shock breaks out of the CSM, the de-
cay follows Fν ∝ t
−1.55, which is close to the universal
decline law of Fν ∝ t
−1.75. Thus, we propose the tem-
plate V light curves of the CSM-shock type novae, as
Figure 22. Same as Figure 16, but for the CSM-shock
(RS Oph) type novae. The three novae, which are contam-
inated by shock-heating, are virtually consistent with the
MMRD relations.
shown in Figure 1, which are represented by, and can
be applied to, both the V407 Cyg and RS Oph V light
curves.
The three rapid-decline novae, V745 Sco, T CrB, and
V1534 Sco, have a RG companion, although they show
no part of shock-heating in the V light curve. We con-
clude that the effect of shock-heating is strongest in
V407 Cyg and becomes weaker in RS Oph, V745 Sco,
and V1534 Sco, in that order. V407 Cyg behaves as
Fν ∝ t
−1 in the early phase both of V and IC magni-
tudes; RS Oph has no part of Fν ∝ t
−1 in the V magni-
tude but has a part of Fν ∝ t
−1 in the SMEI magnitude,
V745 Sco and V1534 Sco have no part of Fν ∝ t
−1 but
emit X-ray (possibly shock-origin) before the SSS phase.
3.4. MMRD relation of CSM-shock type novae
We plot each MMRD point in Figure 22 for the CSM-
shock type novae. In the figure, we include another nova
observed in LMC, which is analyzed in Section 5 and cat-
egorized to the CSM-shock type. It seems that these no-
vae broadly follow both the MMRD1 (Kaler-Schmidt’s
law) and MMRD2 (Della Valle & Livio’s law), although
RS Oph is located slightly below the MMRD relations.
The light curves of V407 Cyg and LMC N 2013 are con-
taminated by the flux from shock-heating and the slow
decline rates make the t2 and t3 times longer. If we take
the SMEI light curve of RS Oph, Fν ∝ t
−1.0, the t3 time
becomes longer and its MMRD point is calculated to be
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(t3,MV,max) = (60 days, −8.0), which is located on the
upper flanked line of the MMRD1 relation (blue line in
Figure 22). Conversely, if there is no contribution from
the CSM shock, V407 Cyg and LMC N 2013 should be
located at the rather left side of the MMRD1 relation
but still inside the cyan lines (broad MMRD region).
These left-lower side positions are consistent with the
general trend of normal-decline type novae which will
be examined later in Section 4.
3.5. Summary of the CSM-shock (RS Oph) type novae
We summarize the results of the two CSM-shock type
novae.
1. We have estimated the distance, reddening, and
distance modulus of RS Oph using various meth-
ods after Hachisu & Kato (2016b). The results
are summarized in Table 1.
2. We have also estimated the distance, reddening,
and distance modulus of V407 Cyg using various
methods, especially, from the new Mira period-
luminosity relation proposed by Ita & Matsunaga
(2011). The results are summarized in Table 1.
3. The V light curve of V407 Cyg decays as Fν ∝
t−1.0 in the early phase (up to t ∼ 45 days) and
then sharply drops and obeys Fν ∝ t
−1.55 like
RS Oph after the shock breaks out of the CSM.
Thus, V407 Cyg follows a timescaling law similar
to RS Oph except for the early shock interaction
phase.
4. We confirm that these two novae satisfy the time-
stretching method, i.e., Equations (8) and (9).
5. These two novae broadly follow the MMRD rela-
tions, i.e., Kaler-Schmidt’s law (MMRD1) and the
law of Della Valle & Livio (MMRD2).
6. The WD mass of RS Oph is MWD = 1.35M⊙ and
very close to the critical mass of SN Ia explosion,
MIa = 1.38 M⊙ (Nomoto 1982). The numeri-
cal simulations show that the WD grows in mass
(Hachisu & Kato 2001b; Kato et al. 2017). This
suggests that RS Oph is a progenitor of SNe Ia.
7. The WD mass of V407 Cyg is estimated to be
MWD = 1.22 M⊙ from the timescaling factor of
fs = 8.9 against V745 Sco as listed in Table 3. SiO
maser observations suggest that the Mira compan-
ion has already reached a very late evolution stage
of an AGB star (Deguchi et al. 2011; Cho et al.
2015). It is unlikely that the WD mass will in-
crease to MIa = 1.38 M⊙ during the remaining of
Figure 23. Light/color curves of the U Sco 1979 and
2010 outbursts. (a) The filled red triangles denote the V
magnitudes of the U Sco (2010) outburst, and the filled and
open magenta circles represent the V and UV 1455 A˚ fluxes
of the U Sco (1979) outburst, respectively. The blue crosses
are the X-ray (0.3− 10 keV) count rates of the U Sco (2010)
outburst. The (b) (B−V )0 and (c) (U −B)0 color curves of
the U Sco (2010) outburst. The large red triangle indicates
the start of the nebular phase approximately eight days after
the outburst. See the text for detail.
life of the Mira companion. Therefore, V407 Cyg
is not a progenitor of SNe Ia.
4. TIMESCALING LAW OF NORMAL-DECLINE
NOVAE
We analyze the light curves of the two recurrent novae,
U Sco and CI Aql, and show that they follow a timescal-
ing law. We call this group of novae the normal-decline
(U Sco) type novae.
4.1. U Sco (2010)
U Sco is a recurrent nova with ten recorded out-
bursts in 1863, 1906, 1917, 1936, 1945, 1969, 1979,
1987, 1999, and 2010, nearly every ten years (Schaefer
2010). Figure 23 shows (a) the V , UV 1455 A˚, and
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Figure 24. Same as Figure 21, but for the light/color
curves of U Sco as well as RS Oph and V407 Cyg. (a) The
filled green triangles denote the V magnitudes of U Sco, the
open blue squares represent the V magnitudes of RS Oph and
the filled red circles are the V magnitudes of V407 Cyg. We
add the X-ray count rates of U Sco (green crosses) as well as
RS Oph (open blue stars) and V407 Cyg (red pluses). The
blue dots are the SMEI magnitudes of RS Oph and open
magenta diamonds are the IC magnitude of V407 Cyg. The
(b) (B − V )0 and (c) (U −B)0 color curves.
X-ray, (b) (B − V )0, and (c) (U − B)0 evolutions of
the U Sco (1979, 2010) outbursts on a logarithmic
timescale. Here, (B − V )0 and (U − B)0 of U Sco
are dereddened with E(B − V ) = 0.26, as explained
below. The UBV data of the U Sco (2010) outburst
are taken from Pagnotta et al. (2015). The X-ray data
of the U Sco (2010) outburst are from the Swift web
page (Evans et al. 2009). The V data of the U Sco
(1979) outburst are from IAU Circular No.3373(2) and
the UV 1455 A˚ fluxes of the U Sco (1979) outburst are
calculated using the data taken from the INES archive
data sever2. The maximum brightness and decline rates
2 http://sdc.laeff.inta.es/
Figure 25. The (a) IC and (b) Ks light curves of U Sco
(2010), YY Dor (2004), and LMC N 2009a. Each light curve
is horizontally stretched by log fs and vertically shifted by
∆IC or ∆Ks. See the text for detail.
of the 2010 outburst were estimated to be mV,max = 7.6,
t2 = 1.7 days, and t3 = 3.6 days by Schaefer et al.
(2011).
U Sco is one of the fastest novae. The WDmass should
be very massive and close to the Chandrasekhar mass.
Its mass was estimated by Thoroughgood et al. (2001)
to be MWD = 1.55± 0.24 M⊙ from the primary orbital
velocity of KW = 93± 10 km s
−1 and the secondary or-
bital velocity of KR = 170± 10 km s
−1. Hachisu et al.
(2000a) obtained the WD mass of MWD = 1.37 ±
0.01 M⊙ for the U Sco (1999) outburst based on their
model light curve fitting. Using the 1.37M⊙ WDmodel,
Hachisu & Kato (2012) reasonably reproduced the V
and supersoft X-ray light curves for the U Sco (2010)
outburst. Thus, we regard the WD mass of U Sco to be
1.37 M⊙. Hachisu et al. (2000a) argued that U Sco is
a promising progenitor of SNe Ia. We summarize these
results in Tables 1, 2, and 3.
4.1.1. Break in the light curve slope
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Figure 26. The (a) B and (b) IC light curves of U Sco
(2010) and LMC N 2012a. The light curves of LMC N 2012a
are horizontally stretched by log fs = 0.1 and vertically
shifted by ∆B = −2.8 and ∆IC = −3.1. See the text for
detail.
The slope of nova decay changes from the universal
decline of Fν ∝ t
−1.75 to a more rapid decay of Fν ∝
t−3.5 by approximately eight days after the outburst, at
the large open red triangle, as shown in Figure 23(a). We
call this change of slope the “break,” as shown in Figure
1. Such a change of decay trend can be seen in the model
light curves (Figure 49 in Appendix A) when the wind
mass-loss rate sharply decreases and the photosphere
quickly shrinks. In the case of V1668 Cyg, this change is
coincident with the start of the nebular phase, as shown
in Figure 49. Therefore, we consider this change as the
transition to optically thin from optically thick of the
ejecta.
Approximately 14 days after the outburst, the V light
curve of U Sco becomes flat, as shown in Figure 23(a).
This plateau is due to the contribution from the ir-
radiated accretion disk (Hachisu et al. 2000a). Ap-
proximately 30 days after the outburst, hydrogen shell-
burning ended, as clearly shown by the drop in supersoft
X-ray flux in Figure 23(a), which corresponds to the end
of the plateau phase in the V light curve.
4.1.2. Timescaling law and time-stretching method
Figure 1 shows that the V light curves of V745 Sco
and U Sco almost overlap with each other until 12 days
after the outbursts. We apply Equation (9) to these two
novae and obtain
(m−M)V,U Sco
=(m−M +∆V )V,V745 Sco − 2.5 log 1.0
=16.6− 0.3 + 0.0 = 16.3, (22)
where we adopt (m−M)V,V745 Sco = 16.6 in Section 2.1.
Thus, we have independently determined the distance
moduli of U Sco, RS Oph, and V407 Cyg. Figure 24
shows the (a) V and X-ray, (b) (B−V )0, and (c) (U−B)0
evolutions of these three novae. We have already fixed
the horizontal shifts between RS Oph and V407 Cyg in
Figure 21. We further determine the horizontal shifts of
these two novae with respect to U Sco by overlapping
the ends of the SSS phase between U Sco (green crosses)
and RS Oph (open blue stars), as shown in Figure 24.
Although these three V light curves do not perfectly
overlap with each other, that is, do not perfectly satisfy
Equation (8), we apply Equation (9) to U Sco, RS Oph,
and V407 Cyg in Figure 24 and have the relation of
(m−M)V,U Sco = 16.3
=(m−M +∆V )V,RS Oph − 2.5 log 0.50
=12.8 + 2.7 + 0.75 = 16.25
=(m−M +∆V )V,V407 Cyg − 2.5 log 0.112
=16.1− 2.2 + 2.38 = 16.28, (23)
where we adopt (m−M)V,RS Oph = 12.8 in Section 3.1
and (m−M)V,V407 Cyg = 16.1 in Section 3.2.
We check the distance modulus of U Sco using the
IC and Ks light curves of YY Dor and LMC N 2009a in
Figure 25 and the B and IC light curves of LMC N 2012a
in Figure 26, which are studied later in Sections 5.1, 5.2,
and 5.3, respectively. These three novae are members
of LMC and their distances are well constrained, i.e.,
µ0 ≡ (m−M)0 = 18.5 as mentioned later in Section 5.
Both the IC and Ks light curves in Figure 25 have a
slope of Fν ∝ t
−1.75 and overlap with the U Sco light
curve for the horizontal shift of log fs = 0.6 for YY Dor
as in Section 5.1 and log fs = 0.8 for LMC N 2009a
as in Section 5.2. Thus, we conclude that YY Dor and
LMC N 2009a belong to the U Sco type (normal decline).
Then, we apply Equation (9) to these three novae in
Figure 25 and obtain
(m−M)I,U Sco
=(m−M +∆IC)I,YY Dor − 2.5 log 0.25
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Figure 27. Same as Figure 6, but for (a) U Sco, (b) CI Aql, (c) YY Dor, and (d) LMC N 2009a. The thick solid cyan-blue
lines show the template track of V1500 Cyg. The thick solid orange lines show the template track of LV Vul. The thick solid
green lines show the template track of V1668 Cyg. In panels (a) and (b), we add the data of the T Pyx 2011 outburst (filled
green stars, taken from SMARTS), which are the same as those in Figures 16 and 19 of Hachisu & Kato (2016b). In panel
(c), the thin solid green lines correspond to the track of V1668 Cyg but blue-shifted by ∆(B − V )0 = −0.3 mag. The track
of YY Dor (filled red circles connected with a solid red line) almost overlaps with this blue-shifted V1668 Cyg track. In panel
(d), the thin solid cyan-blue lines denote a ∆(B − V )0 = −0.2 mag blue-shifted track of V1500 Cyg. The open cyan squares
connected with thin solid cyan line represent a U Sco track blue-shifted by ∆(B − V )0 = −0.15 mag.
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=18.7− 4.3 + 1.5 = 15.9
=(m−M +∆IC)I,LMC N 2009a − 2.5 log 0.158
=18.8− 4.9 + 2.0 = 15.9, (24)
where we adopt (m−M)I,YY Dor = 18.5 + 1.5× 0.12 =
18.7 from Section 5.1, (m −M)I,LMC N 2009a = 18.5 +
1.5 × 0.2 = 18.8 from Section 5.2. We also obtain for
the Ks band as
(m−M)K,U Sco
=(m−M +∆Ks)K,YY Dor − 2.5 log 0.25
=18.5− 4.4 + 1.5 = 15.6
=(m−M +∆Ks)K,LMC N 2009a − 2.5 log 0.158
=18.6− 5.0 + 2.0 = 15.6, (25)
where we adopt (m−M)K,YY Dor = 18.5+0.35×0.12 =
18.5 from Section 5.1, (m −M)K,LMC N 2009a = 18.5 +
0.35× 0.2 = 18.6 from Section 5.2.
Figure 26(a) shows the B light curves of U Sco and
LMC N 2012a. These two light curves overlap each other
in the t−3.5 slope (and also in the plateau phase) for the
horizontal shift log fs = 0.1 as obtained in Sections 5.3
and 6.1. Applying Equation (9) to the two novae, we
obtain
(m−M)B,U Sco
=(m−M +∆B)B,LMC N 2012a − 2.5 log 0.79
=19.15− 2.8 + 0.25 = 16.6, (26)
where we adopt (m − M)B,LMC N 2012a = (m −
M)V,LMC N 2012a+1.0×E(B−V ) = 19.0+0.15 = 19.15
in Section 5.3, using Equation (13).
Similarly from Figures 26(b), we obtain
(m−M)I,U Sco
=(m−M +∆IC)I,LMC N 2012a − 2.5 log 0.79
=18.76− 3.1 + 0.25 = 15.91, (27)
where we adopt (m − M)I,LMC N 2012a = (m −
M)V,LMC N 2012a−1.6×E(B−V ) = 19.0−0.24 = 18.76
in Section 5.3. This value is consistent with that ob-
tained in Equation (24).
Thus, we plot four distance-reddening relations of
Equation (13), (5), (15), and (4) for U Sco, that is,
(m−M)B = 16.6 (magenta line), (m−M)V = 16.3 (blue
line), (m −M)I = 15.9 (cyan line), and (m −M)K =
15.6 (green line) in Figure 19(c). The four distance-
reddening relations cross each other at d = 12.6 kpc and
E(B−V ) = 0.26. Therefore, we adopt (m−M)V = 16.3,
d = 12.6 kpc, and E(B − V ) = 0.26.
4.1.3. Color-color diagram
We plot the color-color diagram of U Sco in outburst
in Figure 5 for the reddening of E(B−V ) = 0.26 as well
as V745 Sco and T Pyx. Hachisu & Kato (2016b) dis-
cussed the reddening toward U Sco based on the color-
color diagram in the outburst, the UBV data of which
are taken from Pagnotta et al. (2015), and concluded
that the reddening of E(B − V ) = 0.35± 0.05 is consis-
tent with the general track (green lines) of novae in the
intrinsic color-color diagram (Hachisu & Kato 2014).
We reanalyzed the data in Figure 5 and concluded that
the track of U Sco is still consistent with the general
track (green lines) even for E(B−V ) = 0.26. This con-
firms that the reddening toward U Sco is E(B − V ) =
0.26± 0.05.
We check the reddening value of E(B − V ) = 0.26±
0.05 from the literature. U Sco is located at a high galac-
tic latitude, (l, b) = (357.◦6686,+21.◦8686). Thus, the ex-
tinction toward U Sco could be close to the galactic 2D
dust extinction. The NASA/IPAC galactic dust absorp-
tion map givesE(B−V ) = 0.32±0.04 toward U Sco. We
plot the distance-reddening relations (black and orange
lines) given by Green et al. (2015, 2018), respectively.
The cross point at d = 12.6 kpc and E(B − V ) = 0.26
is consistent with the orange line (revised version) of
Green et al. (2018).
Unfortunately, direct measurements of reddening
show a large scatter between 0.1 and 0.35 (e.g., Schaefer
2010, for a summary). For example, Barlow et al.
(1981) obtained two different absorptions toward U Sco
in the 1979 outburst, E(B−V ) ∼ 0.2 from the line ratio
of He II at an early phase of the outburst (∼ 12 days
after maximum) and E(B−V ) ∼ 0.35 from the Balmer
line ratio at a late phase of the outburst (∼ 33−34 days
after maximum). The latter value was obtained assum-
ing the case B recombination. It should be noted that it
could be incorrect if the case B condition is not satisfied
as mentioned by Barlow et al. (1981). Thus, we may
conclude that the value of E(B − V ) ∼ 0.26 ± 0.05 is
broadly consistent with other various estimates.
4.1.4. Color-magnitude diagram
Figure 27(a) shows the color-magnitude diagram
(filled red circles) of U Sco for E(B − V ) = 0.26 and
(m−M)V = 16.3. The filled red circles are taken from
Pagnotta et al. (2015) and the filled blue circle denotes
the 1987 outburst taken from Sekiguchi et al. (1988).
We also plot the track (filled green stars) of the recur-
rent nova T Pyx (2011) in outburst, the data of which
are taken from SMARTS (Walter et al. 2012). The dis-
tance of T Pyx is taken from Sokoloski et al. (2013) and
the reddening of T Pyx is taken from Hachisu & Kato
(2014, 2016b), that is, d = 4.8 kpc, E(B − V ) = 0.25,
and (m −M)V = 14.2. The track of U Sco is closely
located to that of T Pyx. This similarity may support
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the set of E(B − V ) = 0.26 and (m −M)V = 16.3 for
U Sco.
Hachisu & Kato (2016b) identified several types of
tracks (shape and location) in the color-magnitude di-
agram of nova outbursts. They further found that the
V1500 Cyg and V1974 Cyg types of tracks show a large
turn from blueward to redward, as shown by the solid
cyan-blue line in Figure 27(a). For many V1500 Cyg
and V1974 Cyg types novae, they confirmed that the
turning points are located on the two-headed black ar-
row in the color-magnitude diagram, which is given by
Equation (5) of Hachisu & Kato (2016b), and shown in
Figure 27(a). We identify the turning point (or cusp)
of U Sco as (B − V )0 = −0.55 and MV = −4.02 (large
open red square). This point corresponds to the large
open red triangle in Figure 23, i.e., the bend of slope
from Fν ∝ t
−1.75 to Fν ∝ t
−3.5 or the start of the neb-
ular phase. The open red triangle is located 0.2 mag
above the two-headed arrow, but the data point (filled
blue circle) of Sekiguchi et al. (1988) is almost on the
two-headed arrow. This may support the trend that the
turning (or reflection) point is located on the two-headed
arrow.
After the turning point, U Sco goes down further,
crossing the two-headed arrow, and jumps to the left
(toward blue) up to (B − V )0 ∼ −1.0. We neglect
this bluest point in our determination of the turning
point, because it could be affected by the first flare in
the 2010 outburst (e.g., Schaefer 2011; Maxwell et al.
2012; Anupama et al. 2013; Pagnotta et al. 2015).
This sharp pulse is seen in the (B− V )0 color evolution
in Figure 23(b). If we neglect this epoch, we have a
relatively smooth turning point at (B − V )0 = −0.55 in
Figure 23(b).
BelowMV > −3.0, we suppose that the B and V mag-
nitudes are affected by a large irradiated disk around the
WD (e.g., Hachisu et al. 2000a) and the B−V color is
contaminated by the disk radiation. This is the reason
why the color-magnitude track stays at (B−V )0 ≈ −0.0
between −2.0 . MV . −0.0. In Figure 27(a), we added
the epoch when the SSS phase started atmV = 14.0, ap-
proximately 14 days after the outburst (Schaefer 2011).
4.1.5. Distance and reddening
Figure 19(c) shows various distance-reddening rela-
tions. The black and orange lines show the distance-
reddening relations calculated by Green et al. (2015,
2018), respectively. The four (magenta, blue, cyan,
and green) lines denote the distance moduli in the four
bands, (m−M)B = 16.6, (m−M)V = 16.3, (m−M)I =
15.9, and (m − M)K = 15.6, respectively. These are
calculated from the distance moduli of LMC novae,
YY Dor, LMC N 2009a, and LMC N 2012a. Therefore,
we regard that these four are based on firm ground. The
four lines cross at d = 12.6 kpc and E(B − V ) = 0.26
as already mentioned in Section 4.1.2. The reddening
of E(B − V ) = 0.26 is just on the distance-reddening
relation (orange line) revised by Green et al. (2018).
From the consistency in the distance-reddening relation
(cross point and Green et al.’s reddening) and also in
the color-color and color-magnitude diagrams, we con-
clude that the set of (m − M)V = 16.3 ± 0.2 and
E(B−V ) = 0.26± 0.05 (d = 12.6± 2.0 kpc) are reason-
able.
4.1.6. Discussion on the distance
The distance of d = 12.6± 2.0 kpc is larger than the
distance of d = 6 − 7 kpc calculated by Hachisu et al.
(2000a,b) from the nova explosion/quiescent models.
Hachisu et al. calculated the nova brightness from the
WD photosphere and the photospheric surface of the
accretion disk with blackbody approximation. Their
brightness did not include a large contribution of free-
free emission (and nebula emission) from optically thin
gaseous matter outside the WD photosphere. This is
the reason why they obtained a much shorter distance.
Schaefer (2010) proposed a value of d = 12 ± 2 kpc
assuming totality at mid-eclipse and G5IV spectral type
of the companion star. This is consistent with our esti-
mate. However, various spectral types of the compan-
ion star have been reported. Anupama & Dewangan
(2000) proposed K2IV, which was revised to K0∼K1 by
Anupama et al. (2013). Mason et al. (2012) suggested
the spectral type not earlier than F3 and not later than
G, but they could not confidently exclude an early K
spectral type. We must be careful to use the spectral
type in determining the distance.
4.2. CI Aql (2000)
CI Aql is also a recurrent nova with three recorded
outbursts in 1917, 1941, and 2000 (e.g., Schaefer 2010).
The maximum brightness and decline rates of the 2000
outburst were summarized as mV,max = 8.8, t2 = 25
days, and t3 = 32 days by Strope et al. (2010). The
WD mass was estimated by Hachisu et al. (2003) and
Hachisu & Kato (2003) to be MWD = 1.2 ± 0.05 M⊙
from the model light curve fitting. The mass trans-
fer rate and WD mass increasing rate were estimated
to be M˙2 ∼ −1 × 10
−7M⊙ yr
−1 and M˙WD = 1.8 ×
10−8 M⊙ yr
−1, respectively, by Hachisu & Kato (2003).
It takes tIa > (1.38 − 1.2) M⊙/1.8 × 10
−8 M⊙ yr
−1 >
1 × 107 yr, during which time the companion will lose
∼ 1.0M⊙ and the mass ratio will be reversed. Then the
thermal timescale mass transfer cannot be maintained.
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Figure 28. Light/color curves of the CI Aql (2000) out-
burst as well as LV Vul, V1500 Cyg, and V1668 Cyg. (a)
The filled red circles and dots denote the V and visual mag-
nitudes of CI Aql, whereas the filled cyan stars, open green
diamonds, and filled blue squares represent the V magni-
tudes of LV Vul, V1500 Cyg, and V1668 Cyg, respectively.
The data of LV Vul, V1668 Cyg, and V1500 Cyg are the same
as those in Figures 4 and 1 of Hachisu & Kato (2016b), and
Figure 6 of Hachisu & Kato (2014), respectively. These no-
vae broadly follow the universal decline law of Fν ∝ t
−1.75
(solid red line) (Hachisu & Kato 2006). The (b) (B − V )0
and (c) (U − B)0 color curves. The colors of CI Aql are
dereddened with E(B − V ) = 1.0.
We may conclude that CI Aql is not a progenitor of
SNe Ia.
4.2.1. Universal decline law
Figure 28 shows the light/color curves of CI Aql
on a logarithmic timescale. This figure also shows
the light/color curves of the classical novae, LV Vul,
V1500 Cyg, and V1668 Cyg. Although the V light
curve of CI Aql (2000) shows a wavy structure, these
four novae broadly follow the universal decline law of
Fν ∝ t
−1.75 (solid red line). The horizontal shifts of
log fs are essentially determined to overlap the (B−V )0
color curves of these novae as shown in Figure 28. Once
the horizontal shift is fixed, the vertical shift of V light
Figure 29. Same as Figure 24, but we plot the light/color
curves of CI Aql (2000) as well as U Sco (2010), RS Oph
(2006), and V407 Cyg. (a) The filled black circles and black
dots denote the V and visual magnitudes of CI Aql. The (b)
(B−V )0 and (c) (U−B)0 color curves. The colors of CI Aql
are dereddened with E(B − V ) = 1.0.
curve is uniquely determined. When the V light curves
obey the universal decline law and overlap each other,
i.e., satisfy Equation (8), we can apply Equation (9) to
Figure 28 and obtain the relation:
(m−M)V,CI Aql
=(m−M +∆V )V,LV Vul − 2.5 log 0.60
=11.9 + 3.2 + 0.55 = 15.65
=(m−M +∆V )V,V1668 Cyg − 2.5 log 0.60
=14.6 + 0.5 + 0.55 = 15.65
=(m−M +∆V )V,V1500 Cyg − 2.5 log 1.0
=12.3 + 3.4 + 0.0 = 15.7, (28)
where we adopt (m − M)V,LV Vul = 11.9, (m −
M)V,V1668 Cyg = 14.6, and (m −M)V,V1500 Cyg = 12.3
in Hachisu & Kato (2016b
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overlap of CI Aql with V1668 Cyg and LV Vul but the
vertical shifts of ∆V are not accurately determined be-
cause of its wavy structure of the V light curve. Thus,
we obtain (m−M)V = 15.7± 0.5 for CI Aql.
4.2.2. Reddening and distance
Figure 19(d) shows various distance-reddening re-
lations toward CI Aql, whose galactic coordinates
are (l, b) = (31.◦6876,−0.◦8120). The relations of
Marshall et al. (2006) are plotted in four directions
close to the direction of CI Aql: (l, b) = (31.◦50,−0.◦75)
(open red squares), (31.◦75,−0.◦75) (filled green squares),
(31.◦50,−1.◦00) (blue asterisks), and (31.◦75,−1.◦00)
(open magenta circles). The closest one is that shown
with filled green squares. We added the relations of
Green et al. (2015, 2018) (black and orange lines) and
O¨zdo¨rmez et al. (2016) (open cyan-blue diamonds).
We adopt the reddening of E(B − V ) = 1.0 after
Hachisu & Kato (2016b). The 3D distance-reddening
relations of Marshall et al. and Green et al. (or-
ange line), (m − M)V = 15.7 (solid blue line), and
E(B − V ) = 1.0 (vertical solid red line) consistently
cross each other at the distance of d = 3.3 kpc and
reddening of E(B − V ) = 1.0. Thus, we finally confirm
that both the reddening of E(B − V ) = 1.0 and dis-
tance modulus in the V band of (m −M)V = 15.7 are
reasonable.
4.2.3. Color-magnitude diagram
Figure 27(b) shows the color-magnitude diagram of
CI Aql. We identify the turning point (or cusp) to be
(B − V )0 = −0.52 and MV = −3.84, which is indi-
cated by the large open red square. This turning point
is on the two-headed black arrow given by Equation (5)
of Hachisu & Kato (2016b). This property is common
among U Sco and a number of classical novae, as dis-
cussed by Hachisu & Kato (2016b). The track of CI Aql
almost overlaps with that of T Pyx. This again supports
the set of E(B − V ) = 1.0 and (m −M)V = 15.7 for
CI Aql.
4.2.4. Timescaling law and time-stretching method
Figure 29 compares CI Aql with RS Oph, V407 Cyg,
and U Sco. If we adopt (m−M)V = 15.7 for CI Aql, the
vertical shift of the V light curve and horizontal shift of
log fs are uniquely determined. We apply Equation (9)
to Figure 29(a) to obtain the relation:
(m−M)V,CI Aql = 15.7
=(m−M +∆V )V,RS Oph − 2.5 log 6.3
=12.8 + 4.9− 2.0 = 15.7
=(m−M +∆V )V,V407 Cyg − 2.5 log 1.41
=16.1− 0.0− 0.38 = 15.72
Figure 30. Same as Figure 16, but we plot U Sco (filled
red star), CI Aql (filled red triangle), YY Dor (open red cir-
cles), LMC N 2009a (open red diamond), and SMC N 2016
(open red square). Here, we assume a distance of 20.4 kpc
for SMC N 2016. We also plot the MMRD lines (solid green
lines) for the same WD mass but with different initial enve-
lope masses (different ignition masses of the hydrogen-rich
envelope). We plot 1.15, 1.05, 0.98, 0.85, 0.75, and 0.65 M⊙
WDs for the chemical composition of CO nova 3. The cyan
line passing through point A (C) is a MMRD relation for
a much larger (smaller) initial envelope mass than that of
point B. The slope of these cyan lines is the same as that of
MMRD1. See Appendix B for more detail.
=(m−M +∆V )V,U Sco − 2.5 log 12.6
=16.3 + 2.1− 2.75 = 15.65, (29)
where we adopt (m−M)V,RS Oph = 12.8 in Section 3.1,
(m − M)V,V407 Cyg = 16.1 in Section 3.2, and (m −
M)V,U Sco = 16.3 in Section 4.1. The V light curve
of CI Aql does not accurately overlap with the other
three V light curves, mainly because of the wavy shape.
However, the global trend follows the other three V light
curves. Note that the (B − V )0 color curve of CI Aql
roughly overlaps with the trend of U Sco. In this sense,
the time-stretching method of Equation (9) seems to be
valid, even for the wavy V light curve of CI Aql.
4.3. MMRD relation of normal-decline type novae
We plot each MMRD point of the two recurrent novae,
U Sco and CI Aql, in Figure 30. We added the same
type of novae in LMC and SMC that are analyzed in
Section 5. These normal-decline type novae are located
slightly below or within the lower bound of MMRD1
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and MMRD2. These locations can be understood in
terms of small ignition masses, where the ignition mass
is the hydrogen-rich envelope mass at the start of a nova
outburst.
Hachisu & Kato (2010) theoretically examined the
MMRD law for the galactic classical novae on the basis
of the universal decline law. They concluded that the
main trend of the MMRD relation is governed by the
WD mass, i.e., the timescaling factor of fs is the main
parameter. The second parameter is the ignition mass,
which determines the deviation from the main trend.
To show the dependences, we plot the MMRD relations
(solid green lines) in Figure 30 for the same WD mass
but with different initial envelope masses. Here, we plot
1.15, 1.05, 0.98, 0.85, 0.75, and 0.65 M⊙ WDs for the
chemical composition of CO nova 3, which are taken
from Figure 51 of Appendix B.
There are three points denoted by A, B, and C on
the 0.98 M⊙ WD model in Figure 30. The classical
nova V1668 Cyg is located on point B. A nova on point
A starts from a much larger envelope mass (smaller
mass-accretion rate) than that of V1668 Cyg whereas
a nova on point C has a much smaller envelope mass
at ignition (larger mass-accretion rate) than that of
V1668 Cyg even if they have the same WD mass as that
of V1668 Cyg. The three cyan lines passing through
points, A, B, and C, represent the model MMRD re-
lations derived in Appendix B. These three cyan lines
envelop the distribution of the classical novae studied
by Downes & Duerbeck (2000) as shown in Figure 51
of Appendix B. The upper bound cyan line represents
the case of larger envelope mass at ignition and the lower
bound cyan line indicates that of smaller envelope mass
at ignition for different WD masses.
In Figure 30, the normal-decline type novae are lo-
cated almost on the lower bound of, or slightly below,
the broad MMRD relation (cyan lines). These locations
are theoretically understood in terms of small initial en-
velope masses, but the location of U Sco is slightly lower.
This may be related to the shorter recurrence period of
U Sco (∼ 10 yr) than the other (∼ 20 yr or more). The
larger the mass-accretion rate is, the smaller the igni-
tion mass is (e.g., Kato et al. 2014). Thus, the normal-
decline type novae can be understood based on the uni-
versal decline law (Fν ∝ t
−1.75). We may conclude that
the normal-decline type novae have the same properties
as those of classical novae that follow the universal de-
cline law and do not belong to the faint class claimed by
Kasliwal et al. (2011).
4.4. Summary of normal-decline (U Sco) type novae
We have analyzed the two recurrent novae, U Sco and
CI Aql. The decay of optical and NIR light curves
broadly follows the universal decline of Fν ∝ t
−1.75
(Hachisu & Kato 2006). If we properly stretch the
timescales and shift up or down the V magnitudes, we
showed that these novae broadly obey the timescaling
law of Equation (8) and the time-stretching method of
Equation (9) is valid for these two novae. Although the
V light curve of CI Aql shows a wavy structure and does
not exactly follow the universal decline law, we call these
novae the normal decline (or U Sco) type novae.
We summarize the results of the two normal-decline
(U Sco) type novae.
1. We have estimated the distance, reddening, and
distance modulus of U Sco from various literature
and methods after Hachisu & Kato (2016b). The
results are summarized in Table 1.
2. We have also estimated the distance, reddening,
and distance modulus of CI Aql from various lit-
erature and methods. The results are summarized
in Table 1.
3. The V light curve of U Sco decays as Fν ∝ t
−1.75
in the early phase and then drops as Fν ∝ t
−3.5.
4. The V light curves of CI Aql shows a wavy struc-
ture but its global trend roughly follows the uni-
versal trend of Fν ∝ t
−1.75.
5. We confirm that these two novae broadly overlap,
i.e., satisfy Equation (8) and the time-stretching
method, i.e., Equation (9).
6. These two novae are located at the lower bound of
the law of Della Valle & Livio (MMRD2). CI Aql
is located at the lower side of Kaler-Schmidt’s law
(MMRD1) but U Sco is slightly fainter than this
trend.
7. The WD mass of U Sco was estimated to be
MWD = 1.37 M⊙ from the model light curve fit-
ting (Hachisu et al. 2000a). This WD mass is
so close to the explosion mass of SN Ia, MIa =
1.38M⊙ (Nomoto 1982). The WD mass increases
now (Hachisu et al. 2000a). This suggests that
U Sco is a promising progenitor of SNe Ia.
8. The WDmass of CI Aql is estimated to beMWD =
1.2 ± 0.05 M⊙ (Hachisu & Kato 2003) from the
light curve fitting. The WD mass increases now
(Hachisu & Kato 2003) but it takes tIa > (1.38−
1.2)M⊙/1.8× 10
−8 M⊙ yr
−1 > 1× 107 yr, during
which the companion will lose ∼ 1.0 M⊙ and the
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mass ratio will be reversed. The thermal timescale
mass transfer cannot be maintained. Therefore,
CI Aql is probably not a progenitor of SNe Ia.
5. NOVAE IN MAGELLANIC CLOUDS AND M31
This is the first time that we apply our time-stretching
method to extra-galactic novae, i.e., LMC, SMC, and
M31. Their distances are generally well determined,
and thus it is a good litmus test for our time-stretching
method. We also observe if there are any character-
istic differences between these novae and galactic no-
vae, especially owing to the difference in the metallic-
ity. We analyze YY Dor (2004), Nova LMC 2009a,
Nova LMC 2012a, Nova LMC 2013 in LMC, and
Nova SMC 2016 in SMC, and M31 N 2008-12a (2015)
in M31. For LMC, we use the distance modulus of
µ0 = 18.5 (Pietrzyn´ski et al. 2013) and the reddening
of E(B − V ) = 0.12 (Imara & Blitz 2007) and ne-
glect the difference in the reddening inside LMC unless
otherwise specified.
5.1. YY Dor (2004)
YY Dor is a recurrent nova in LMC with two recorded
outbursts in 1937 and 2004 (e.g., Bond et al. 2004;
Shafter 2013; Mason & Munari 2014). The bright-
ness reaches mV,max = 10.8 (Liller et al. 2004) and
the decline rates are estimated to be t2 = 4.0 days
and t3 = 10.9 days (Walter et al. 2012). The distance
modulus in the V band is (m − M)V = µ0 + AV =
18.5+ 3.1× 0.12 = 18.9, where AV = 3.1×E(B − V ) is
the absorption in the V band.
Figure 31 shows the (a) V and IC light curves and (b)
(B − V )0 color curve of YY Dor (2004). The data of
YY Dor are taken from SMARTS (Walter et al. 2012).
We explain our procedure of overlapping the nova light
curves. In Figure 31(a), the V light curve of YY Dor
has a slope of Fν ∝ t
−1.55 rather than Fν ∝ t
−1.75.
Therefore, we overlap it to the V light curve of RS Oph
rather than that of U Sco. We adopt (m−M)V,YY Dor =
18.9 and apply Equation (9) to the set of YY Dor and
RS Oph. Then, we have
(m−M)V,YY Dor = 18.9
=(m−M +∆V )V,RS Oph − 2.5 log fs
=12.8 + ∆V − 2.5 log fs, (30)
where we adopt (m−M)V,RS Oph = 12.8 in Section 3.1.
In this case, we have the relation:
∆V − 2.5 log fs = 6.1. (31)
We change the value of ∆V in steps of 0.1 mag, obtain
log fs from Equation (31), and plot the V light curve
Figure 31. Same as Figure 24, but for the light/color
curves of YY Dor (2004) as well as U Sco, V407 Cyg, and
RS Oph. The data of YY Dor are taken from SMARTS. (a)
The filled black circles denote the V magnitudes of YY Dor,
whereas the filled green triangles, filled red circles, and open
blue squares denote the V magnitudes of U Sco, V407 Cyg,
and RS Oph, respectively. The IC magnitudes (open black
diamonds) of YY Dor are added. The (b) (B − V )0 and (c)
(U −B)0 color curves. The colors of YY Dor are dereddened
with E(B − V ) = 0.12. See the text for detail.
of YY Dor for the set of ∆V (vertical shift) and log fs
(horizontal shift). We search for the best-fit position of
overlapping, as shown in Figure 31(a). In this case, we fi-
nally obtain ∆V = 6.8 and log fs = 0.3 (fs = 2.0). After
this procedure, the other two, V407 Cyg and U Sco, are
fixed automatically because the overlapping positions of
U Sco, V407 Cyg, and RS Oph are already known in
Figure 24. Thus, we obtain the vertical and horizontal
shifts of ∆V and log fs for these novae.
We also plot the IC light curve (open black diamonds)
of YY Dor in Figure 31(a) in order to confirm that our
horizontal fit is reasonable. The IC light curve has a
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slope of Fν ∝ t
−1.75 and its break of the slope coincides
with the break of U Sco V light curve for the horizontal
shift of log fs = 0.3. Thus, we conclude that YY Dor
belongs to the U Sco type (normal decline), although its
V light curve has a slope of Fν ∝ t
−1.55.
Now, we examine whether the time-stretching method
is applicable to LMC novae. Using (m −M)V = 18.9
for YY Dor, we apply Equation (9) to all the novae in
Figure 31(a) and obtain the relation:
(m−M)V,YY Dor = 18.9
=(m−M +∆V )V,RS Oph − 2.5 log 2.0
=12.8 + 6.8− 0.75 = 18.85
=(m−M +∆V )V,V407 Cyg − 2.5 log 0.45
=16.1 + 1.9 + 0.88 = 18.88
=(m−M +∆V )V,U Sco − 2.5 log 4.0
=16.3 + 4.1− 1.5 = 18.9, (32)
where we adopt (m − M)V,RS Oph = 12.8 in Section
3.1, (m − M)V,V407 Cyg = 16.1 in Section 3.2, and
(m−M)V,U Sco = 16.3 in Section 4.1. These values are
close to (m−M)V,YY Dor = 18.9. Thus, we confirm that
the set of YY Dor, U Sco, V407 Cyg, and RS Oph con-
sistently overlap with each other in the early phase, i.e.,
satisfy the timescaling law of Equation (8) and, at the
same time, satisfy the time-stretching method of Equa-
tion (9).
Figure 32 shows the IC andKs light curves of YY Dor,
U Sco, and LMC N 2009a. We also add the IC light
curve of SMC N 2016 in Figure 32(a). This figure is
essentially the same as Figure 25, but we plot the other
light curves against YY Dor. These three novae have
a slope of Fν ∝ t
−1.75 (green lines) in the IC and Ks
light curves and overlap with the same scaling factors of
fs as that of the V light curves. The distance modulus
in the IC band is calculated to be (m −M)I,YY Dor =
18.5 + 1.5 × 0.12 = 18.7. We apply Equation (9) to all
the novae and obtain
(m−M)I,YY Dor = 18.7
=(m−M +∆IC)I,U Sco − 2.5 log 4.0
=15.9 + 4.3− 1.5 = 18.7
=(m−M +∆IC)I,LMC N 2009a − 2.5 log 0.63
=18.8− 0.6 + 0.5 = 18.7
=(m−M +∆IC)I,SMC N 2016 − 2.5 log 1.0
=16.7 + 2.0− 0.0 = 18.7, (33)
where we adopt (m−M)I,U Sco = 16.3−1.6×0.26 = 15.9
from Section 4.1, (m −M)I,LMC N 2009a = 18.5 + 1.5 ×
0.2 = 18.8 from Section 5.2, and (m−M)I,SMC N 2016 =
16.7 from Section 5.5 in advance. Thus, we confirm
that the set of YY Dor, U Sco, LMC N 2009a, and
SMC N 2016 consistently overlap with each other in the
early phase, i.e., satisfy the timescaling law of Equation
(8) and, at the same time, satisfy the time-stretching
method of Equation (9).
For the Ks light curves, we similarly obtain
(m−M)K,YY Dor = 18.5 + 0.35× 0.12 = 18.5
=(m−M +∆Ks)K,U Sco − 2.5 log 4.0
=15.6 + 4.4− 1.5 = 18.5
=(m−M +∆Ks)K,LMC N 2009a − 2.5 log 0.63
=18.6− 0.6 + 0.5 = 18.5, (34)
where we adopt (m−M)K,U Sco = 16.3− 2.75× 0.26 =
15.6 from Section 4.1, (m −M)K,LMC N 2009a = 18.5 +
0.35 × 0.2 = 18.6 from Section 5.2. Thus, we confirm
that the set of YY Dor, U Sco, and LMC N 2009a sat-
isfy the timescaling law of Equation (8) and the time-
stretching method of Equation (9). Thus, we conclude
that YY Dor (and LMC N 2009a) belong to the normal
decline (U Sco) type.
We plot the MMRD point of YY Dor in Figure 30.
It lies in the lower side of the broad MMRD relations,
close to the other members of the normal-decline type
novae.
Figure 27(c) shows the color-magnitude diagram of
YY Dor. We add a track (thin solid green lines) of
V1668 Cyg shifted by ∆(B−V ) = −0.3 for comparison.
The color-magnitude track of YY Dor almost overlaps
with the blue-shifted V1668 Cyg track. We suppose that
the reason for this blue-shift is the lower metallicity of
LMC stars, [Fe/H]= −0.55 (see, e.g., Piatti & Geisler
2013).
The WD mass of YY Dor is estimated to be MWD =
1.29 M⊙ from the linear relation between MWD and
log fs in Figure 17 (see Table 3 for the other WD
masses). Although the exact recurrence period and or-
bital period of the binary are not known, we assume that
the mass transfer rate and WD mass increasing rate are
similar to those of CI Aql. Then, the mass transfer
rate and WD mass increasing rate were estimated to be
M˙2 ∼ 1×10
−7M⊙ yr
−1 and M˙WD = 1.8×10
−8M⊙ yr
−1
by Hachisu & Kato (2003). It takes tIa > (1.38 −
1.29) M⊙/1.8 × 10
−8 M⊙ yr
−1 > 0.5 × 107 yr, during
which the companion will lose & 0.5 M⊙ and the mass
ratio could be reversed. The thermal timescale mass
transfer cannot be maintained. We may conclude that
YY Dor is not a progenitor of SNe Ia.
5.2. Nova LMC 2009a
LMC Nova 2009a is a recurrent nova with recorded
outbursts in 1971 and 2009. There was some confu-
sion regarding the locations of the 1971 (1971b or 1971-
08a) nova and 2009 (2009a or 2009-02a) nova. As a re-
sult, the recurrence was once suspected (e.g., Shafter
2013; Mro´z et al. 2016). Bode et al. (2016) remea-
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Figure 32. The (a) IC and (b) Ks light curves of YY Dor
(2004), U Sco (2010), and LMC N 2009a. We also add the IC
light curve of SMC N 2016. Each light curve is horizontally
stretched by log fs and vertically shifted by ∆IC (or ∆Ks).
See the text for detail.
sured the original plate of the 1971 outburst and con-
firmed that the 1971 nova position is the same as the
2009 nova position within 0.′′1. The brightness reached
mmax = 10.6 (unfiltered Kodak Technical Pan films
by Liller 2009). The decline rates are estimated to
be t2 = 5.0 days and t3 = 10.4 days in the V band
(Bode et al. 2016). We assume that the V maximum
also reached mV,max = 10.6. Figure 33 shows the (a) V
light curve and (b) (B−V )0 color curve of LMC N 2009a.
The data of LMC N 2009a are taken from SMARTS
(Walter et al. 2012). Bode et al. (2016) reported pan-
chromatic observations of LMC N 2009a, the emergence
of the SSS phase at 63 − 70 days, which was initially
highly variable, and periodic modulations with P = 1.2
days, which is most probably orbital in nature. They
identified the progenitor system, i.e., the secondary is
most likely a subgiant feeding a luminous accretion disk
Figure 33. Same as Figure 24, but for LMC N 2009a. We
included U Sco, V407 Cyg, and RS Oph for comparison. (a)
The filled black circles denote the V magnitudes and orange
asterisks represent the X-ray flux of LMC N 2009a. The
IC magnitudes (open black diamonds) of LMC N 2009a are
added. The solid black line is the model supersoft X-ray flux
of a 1.25 M⊙ WD with the chemical composition of Ne nova
3. The (b) (B−V )0 and (c) (U−B)0 color curves. The colors
of LMC N 2009a are dereddened with E(B − V ) = 0.2.
and suggested a WD mass of 1.1 − 1.3 M⊙ from the
properties of the SSS phase. They also obtained the
reddening E(B − V ) = AV /3.1 = 0.6/3.1 = 0.2 from
the neutral hydrogen column density. Using this value,
we calculate the intrinsic color of (B−V )0 and plot them
in Figure 33(b). The color evolution of LMC N 2009a
is similar to that of U Sco. The distance modulus in
the V band is calculated to be (m−M)V = µ0 +AV =
18.5 + 0.6 = 19.1.
Using (m−M)V = 19.1 for LMC N 2009a, we confirm
that the V light curves of LMC N 2009a overlap to that
of RS Oph and satisfy Equation (8) as shown in Figure
33. The slope of the V light curve is close to that of
RS Oph rather than U Sco while the slope of IC light
curve (open black diamonds) is close to that of U Sco.
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Therefore, we conclude that LMC N 2009a belongs to
the U Sco (normal decline) type. In the figure, we adopt
the horizontal shift log fs = 0.50 of RS Oph against
LMC N 2009a by overlapping the end of SSS phase of
RS Oph (open blue stars) to that of LMC N 2009a (or-
ange asterisks). Then, we apply Equation (9) to Figure
33 and obtain the relation:
(m−M)V,LMCN 2009a = 19.1
=(m−M +∆V )V,RS Oph − 2.5 log 3.16
=12.8 + 7.5− 1.25 = 19.05
=(m−M +∆V )V,V407 Cyg − 2.5 log 0.71
=16.1 + 2.6 + 0.38 = 19.08
=(m−M +∆V )V,U Sco − 2.5 log 6.3
=16.3 + 4.8− 2.0 = 19.1, (35)
where we adopt (m − M)V,RS Oph = 12.8 in Section
3.1, (m − M)V,V407 Cyg = 16.1 in Section 3.2, and
(m −M)V,U Sco = 16.3 in Section 4.1. From the close
agreement of (m−M)V = 19.1, we confirm that the set
of LMC N 2009a, U Sco, V407 Cyg, and RS Oph fol-
low the timescaling law of Equation (8) and satisfy the
time-stretching method of Equation (9).
With the same timescaling factors, we have already
showed that the IC andKs light curves of LMC N 2009a,
YY Dor, and U Sco overlap to each other and satisfy the
time-stretching method of Equation (9) in Sections 4.1
and 5.1. These IC and Ks light curves have a slope of
Fν ∝ t
−1.75, so we regard LMC N 2009a as a normal de-
cline (U Sco) type. We plot the MMRD point in Figure
30. It is located in the lower bound of the broad MMRD
relation.
Figure 27(d) shows the color-magnitude diagram of
LMC N 2009a. The track of LMC N 2009a is in good
agreement with the 0.2 mag blue-shifted V1500 Cyg and
0.15 mag blue-shifted U Sco tracks. The irradiated ac-
cretion disk contributes to the B, V , and (B−V ) below
MV > −3 and, as a result, the (B − V )0 color is almost
constant. The LMC N 2009a track overlaps to the 0.15
mag blue-shifted U Sco track. It should be noted that
the turning point is located on the line of Equation (5)
of Hachisu & Kato (2016b), i.e., the two-headed black
arrow, in Figure 27(d). We again suppose that the bluer
feature of the LMC N 2009a track is due to the lower
metallicity of the LMC stars, as mentioned in Section
5.1.
The WD mass of LMC N 2009a is estimated to be
MWD = 1.25M⊙ from the linear relation betweenMWD
and log fs in Figure 17 (see Table 3 for the other WD
masses). We plot the X-ray flux (solid black line) of a
1.25M⊙ WD with the chemical composition of Ne nova
3 in Figure 33(a), which broadly reproduces the obser-
vation. If the orbital period is 1.2 days, the companion
Figure 34. Same as Figure 13, but for the light/color
curves of LMC N 2012a as well as V1534 Sco, V838 Her,
T CrB, and V745 Sco. (a) The filled orange squares with
black outlines denote the V magnitudes of LMC N 2012a.
The data are taken from SMARTS. The magenta crosses
represent the Swift XRT X-ray flux (0.3−10 keV). The data
are taken from the Swift web page (Evans et al. 2009). (b)
The (B − V )0 colors of LMC N 2012a are dereddened with
E(B − V ) = 0.15.
is a subgiant, as in U Sco and CI Aql. The exact recur-
rence period is not known, but it is 38 yr or shorter. If
we assume that the mass transfer rate and WD mass in-
creasing rate are similar to those of CI Aql, it takes tIa >
(1.38− 1.25) M⊙/1.8× 10
−8 M⊙ yr
−1 > 0.72× 107 yr,
during which the companion will lose & 0.72 M⊙ and
the mass ratio could be reversed. As a result, the ther-
mal timescale mass transfer cannot be maintained. We
may conclude that LMC N 2009a is not a progenitor of
SNe Ia.
5.3. Nova LMC 2012a
LMC Nova 2012a reached maximum at mmax = 10.7
(digital SLR camera by Seach et al. 2012). The decline
rates are estimated to be t2 = 1.1 days and t3 = 2.1 days
in the V band (Walter et al. 2012). We assumed that
the V maximum also reached mV,max = 10.7. Figure 34
shows the (a) V light curve and (b) (B−V )0 color curve
of LMC N 2012a. The data of LMC N 2012a are taken
from SMARTS (Walter et al. 2012). Schwarz et al.
(2015) reported the Swift and Chandra X-ray observa-
tions. The SSS phase started 13 ± 5 days and ended
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Figure 35. Same as Figure 33, but for the light/color
curves of LMC N 2012a as well as YY Dor, U Sco, V407 Cyg,
and RS Oph. (a) The filled green squares with black outlines
denote the V magnitudes of LMC N 2012a. The (b) (B−V )0
and (c) (U − B)0 color curves. The colors of LMC N 2012a
are dereddened with E(B − V ) = 0.15.
approximately 50 days after the discovery. They ob-
tained the orbital period of 19.24± 0.03 hr (0.802 days)
and the reddening of E(B − V ) = 0.15. We adopt this
reddening and calculated the distance modulus in the V
band of (m−M)V = µ0+AV = 18.5+3.1×0.15 = 19.0.
Using (m−M)V = 19.0 for LMC N 2012a, we confirm
that the V light curve of LMC N 2012a overlaps well
with the V light curves of V1534 Sco, V838 Her, T CrB,
and V745 Sco. These five novae satisfy Equation (8).
Then, we apply Equation (9) to Figure 34 and obtain
the relation:
(m−M)V,LMCN 2012a = 19.0
=(m−M +∆V )V,V1534 Sco − 2.5 log 1.0
=17.6 + 1.4 + 0.0 = 19.0
=(m−M +∆V )V,V838 Her − 2.5 log 1.0
=13.7 + 5.3 + 0.0 = 19.0
=(m−M +∆V )V,T CrB − 2.5 log 1.26
=10.1 + 9.1− 0.25 = 18.95
=(m−M +∆V )V,V745 Sco − 2.5 log 1.26
=16.6 + 2.6− 0.25 = 18.95, (36)
where we adopt (m − M)V,V1534 Sco = 17.6 in Sec-
tion 2.4, (m − M)V,V838 Her = 13.7 in Section 2.3,
(m − M)V,T CrB = 10.1 in Section 2.2, and (m −
M)V,V745 Sco = 16.6 in Section 2.1. We confirm
that these novae satisfy Equation (9). We regard
LMC N 2012a as a rapid-decline (V745 Sco) type nova.
We plot the MMRD point of LMC N 2012a in Figure
16. The point is located closely to the other novae, and
significantly belowMMRD1 but slightly below MMRD2.
Figure 35 compares the light/color curves of LMC N
2012a with different types of novae, YY Dor, U Sco,
V407 Cyg, and RS Oph. In this figure, there is no ex-
hibit of Fν ∝ t
−1.75, but one can observe Fν ∝ t
−3.5 in
the V light curve of LMC N 2012a that overlaps with
U Sco. This is because the initial envelope mass (ig-
nition mass of hydrogen-rich envelope) is too small to
reach the universal decline trend of Fν ∝ t
−1.75, which
is explained in more detail in Section 6.2. From Figure
35, we obtain the relation:
(m−M)V,LMCN 2012a = 19.0
=(m−M +∆V )V,YY Dor − 2.5 log 0.32
=18.9− 1.2 + 1.25 = 18.95
=(m−M +∆V )V,U Sco − 2.5 log 1.26
=16.3 + 2.9− 0.25 = 18.95
=(m−M +∆V )V,V407 Cyg − 2.5 log 0.141
=16.1 + 0.8 + 1.13 = 19.03
=(m−M +∆V )V,RS Oph − 2.5 log 0.63
=12.8 + 5.7 + 0.5 = 19.0, (37)
where we adopt (m − M)V,YY Dor = 18.9 in Sec-
tion 5.1, (m − M)V,U Sco = 16.3 in Section 4.1,
(m − M)V,V407 Cyg = 16.1 in Section 3.2, and (m −
M)V,RS Oph = 12.8 in Section 3.1. Thus, we suggest
that Equation (9) is satisfied by the set of LMC N 2012a,
YY Dor, U Sco, V407 Cyg, and RS Oph even for the
overlap in the part of Fν ∝ t
−3.5. Comparing the
timescaling factors between Figure 34 and Figure 35, we
bridge the timescales between the two groups, V745 Sco
and U Sco. Then, we obtain the common timescaling
factors fs among the three groups, as discussed in more
detail in Section 6.1.
For the other bands, assuming the same timescaling
factors, we have already compared the B and IC light
curves of LMC N 2012a with those of U Sco in Figure 26
of Section 4.1.2. Using the time-stretching method, we
have obtained the distance and reddening of U Sco, be-
cause the distance and distance moduli of LMC N 2012a
are well constrained.
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Figure 36. Same as Figure 6, but for (a) LMC N 2012a, (b) LMC N 2013, (c) SMC N 2016, and (d) M31N 2008-12a. The thick
solid cyan-blue lines show the template track of V1500 Cyg, the thick solid orange lines show that of LV Vul, and the thick solid
green lines show that of V1668 Cyg. In panel (a), we include a ∆(B − V )0 = −0.3 mag blue-shifted track (thin solid cyan-blue
line) of V1500 Cyg and ∆(B − V )0 = −0.25 mag blue-shifted track (open cyan squares connected with thin solid cyan line) of
U Sco (2010). In panel (c), we include the U Sco track (open cyan squares connected with thin solid cyan line) and T Pyx track
(filled green stars). The large open red square denotes the start of the nebular phase, 23 days after optical maximum. In panel
(d), we include the data of RS Oph, which are the same as those in Figure 16(a) of Hachisu & Kato (2016b). The filled green
squares with black outlines denote M31N 2008-12a. Other symbols are all for RS Oph.
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Figure 36(a) shows the color-magnitude diagram of
LMC N 2012a. The track of LMC N 2012a is in good
agreement with the 0.3 mag blue-shifted V1500 Cyg
(thin solid cyan-blue line) and 0.25 mag blue-shifted
U Sco (open cyan squares connected with cyan line)
tracks. The blue-shifted U Sco track overlaps well with
that of LMC N 2012a, including the nearly constant
(B − V )0 phase below MV > −2. The brightness and
color of this SSS phase are dominated by the irradiated
accretion disk. We regard that the lower metallicity en-
vironment in LMC is the cause of the bluer position of
the color-magnitude track.
The WD mass of LMC N 2012a is estimated to be
MWD = 1.37M⊙ from the linear relation betweenMWD
and log fs in Figure 17 (see Table 3 for the other WD
masses). It is unlikely that the WD was born as massive
asMWD ∼ 1.37M⊙ (Doherty et al. 2015). We suppose
that the WD has grown in mass. This strongly suggests
further increase in the WD masses in these systems. The
orbital period is 0.802 days and the companion is a sub-
giant. Although the recurrence period is not known, we
assume that the LMC N 2012a is a recurrent nova with a
relatively short recurrence period, because the WD had
grown in mass and the companion is a lobe-filling sub-
giant. If we further assume that the mass-increasing rate
of WD is M˙WD ∼ 1× 10
−7 M⊙ yr
−1 just below the sta-
bility line of hydrogen-shell burning (Kato et al. 2017),
the WD mass increases from 1.37M⊙ toMIa = 1.38M⊙
and explodes as a SN Ia. It takes approximately tIa ∼
0.01M⊙/1×10
−7 M⊙ yr
−1 = 1×105 yr, which is much
shorter than the evolution timescale of the donor (sub-
giant star). Therefore, the WD will explode as a SN Ia
if the core consists of carbon and oxygen. We suggest
that LMC N 2012a is a promising progenitor of SNe Ia.
5.4. Nova LMC 2013
Figure 37 shows the (a) V , IC, and Ks light and
(b) (B − V )0 color curves of LMC N 2013 on a linear
timescale. The IC light curve decays almost linearly,
whereas the V light curve shows wavy structure with an
amplitude of half a magnitude. TheKs magnitude (open
magenta stars) sharply increases approximately 40 days
after the outburst. A dust shell formed at this epoch,
which was not so optically thick. The epoch of the
IC maximum is determined from the OGLE (open blue
circles, Mro´z et al. 2015) and SMARTS (blue crosses,
Walter et al. 2012) data. The IC magnitude reaches
its maximum at mIC,max = 11.3 on JD 2456591.0. We
regard that the V brightness reaches mV,max = 11.5 on
the same day and estimate the decline rates as t2 = 21
days and t3 = 47 days from this figure.
Figure 37. Same as Figure 20, but for LMC N 2013. (a)
The V (filled red circles), IC (blue cross), and Ks (open ma-
genta stars) data are taken from SMARTS. The IC (open
blue circles) data are from Mro´z et al. (2015). (b) The
(B−V )0 data are taken from SMARTS and dereddened with
E(B − V ) = 0.12.
We adopt (m−M)V = 18.9. Then, we determined the
vertical shift ∆V and horizontal shift log fs for the set
of LMC N 2013 and V407 Cyg by the same procedure as
described in Section 5.1. The other timescaling factors
fs and vertical shifts ∆V are calculated from those in
Figure 24. Thus, we plot the light/color curves of U Sco,
V407 Cyg, and RS Oph against LMC N 2013 in Figure
38. We apply Equation (9) to Figure 38 and obtain the
relation:
(m−M)V,LMCN 2013 = 18.9
=(m−M +∆V )V,U Sco − 2.5 log 7.9
=16.3 + 4.8− 2.25 = 18.85
=(m−M +∆V )V,V407 Cyg − 2.5 log 1.12
=16.1 + 2.9− 0.13 = 18.87
=(m−M +∆V )V,RS Oph − 2.5 log 4.0
=12.8 + 7.6− 1.5 = 18.9, (38)
where we adopt (m −M)V,U Sco = 16.3 in Section 4.1,
(m − M)V,V407 Cyg = 16.1 in Section 3.2, and (m −
M)V,RS Oph = 12.8 in Section 3.1. Thus, LMC N 2013
and V407 Cyg satisfy Equations (8) and (9).
The V light curve of LMC N 2013 shows a similar
decline trend to that of V407 Cyg in the very early phase
and then decays to the trend of RS Oph in the middle
and later phase. Therefore, we regard LMC N 2013 as
a CSM-shock (RS Oph) type nova. We plot the MMRD
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Figure 38. Same as Figure 33, but for the light/color
curves of LMC N 2013 as well as U Sco, V407 Cyg, and
RS Oph. (a) The filled green circles with black outlines de-
note the V magnitudes of LMC N 2013. The IC magnitudes
(filled yellow squares with black outlines) of LMC N 2013
are added. The (b) (B − V )0 and (c) (U −B)0 color curves.
The (B − V )0 colors of LMC N 2013 are dereddened with
E(B − V ) = 0.12.
point of LMC N 2013 in Figure 22. The MMRD point
of LMC N 2013 is located in the middle of the MMRD
relations (both the MMRD1 and MMRD2 trends).
Figure 36(b) shows the color-magnitude diagram of
LMC N 2013. The track of LMC N 2013 broadly fol-
lows the LV Vul track (thick solid orange lines) with-
out blue-shifting. Comparing the LMC N 2013 track
with that of LMC N 2012a (Figure 36(a), which over-
laps with the 0.3 mag blue-shifted template), we sup-
pose that LMC N 2013 has metallicity similar to those
of galactic novae.
The WD mass of LMC N 2013 is estimated to be
MWD = 1.23M⊙ from the linear relation betweenMWD
and log fs in Figure 17 (see Table 3 for the other WD
masses). Neither the orbital period nor the recurrence
Figure 39. Same as Figure 37, but for SMC N 2016. (a)
The V (filled red circles) data are taken from Munari et al.
(2017). The V (filled magenta stars) data are from SMARTS.
The filled blue circles (ATel No.9631) and filled green tri-
angles (ATel No.9684) are the pre-discovery brightnesses of
SMC N 2016 and taken from Lipunov et al. (2016) and
Jablonski & Oliveira (2016), respectively. We also include
the X-ray (0.3 − 10 keV) flux (open black diamonds) data
taken from the Swift web site (Evans et al. 2009). (b) The
(B − V )0 are dereddened with E(B − V ) = 0.08.
period is known. Even if we assume that the mass
transfer rate and WD mass increasing rate are simi-
lar to CI Aql, it takes tIa > (1.38 − 1.23) M⊙/1.8 ×
10−8 M⊙ yr
−1 > 0.83 × 107 yr, during which the com-
panion will lose & 0.83 M⊙ and the mass ratio could be
reversed before the WD mass reaches MIa = 1.38 M⊙.
We suppose that the thermal timescale mass transfer
cannot be maintained until a SN Ia explosion. We may
conclude that LMC N 2013 is not a progenitor of SNe Ia.
5.5. Nova SMC 2016
SMC Nova 2016 (or 2016-10a) is located in the di-
rection toward the outskirt of SMC, whose galactic co-
ordinates are (l, b) = (301.◦6362,−42.◦3037). Although
Munari et al. (2017) and Aydi et al. (2018) assumed
that SMC N 2016 is a member of SMC, we suppose that
SMC N 2016 is a member of our galaxy, as discussed
below.
Figure 39 shows the (a) V light and (b) (B − V )0
color curves of SMC N 2016. This nova was dis-
covered by Shumkov et al. (2016) at mag 10.8 (un-
filtered) on UT 2016 October 14.19. Lipunov et al.
(2016) and Jablonski & Oliveira (2016) reported the
pre-discovery brightnesses of SMC N 2016. The bright-
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Figure 40. Same as Figure 38, but for the light/color
curves of SMC N 2016. (a) The filled green circles with black
outlines denote the V magnitudes of SMC N 2016. The (b)
(B − V )0 and (c) (U −B)0 color curves.
ness reached mmax = 8.5 (unfiltered, Lipunov et al.
2016) and the decline rates were estimated to be t2 = 8.8
days and t3 = 17.4 days by Munari et al. (2017) or
t2 = 4.0±1.0 days and t3 = 7.8±2.0 days by Aydi et al.
(2018). Munari et al. (2017) also estimated the dis-
tance to be d = 44.8 kpc and the reddening to be
E(B−V ) = 0.08. Then, the distance modulus in the V
band is calculated to be (m −M)V = 18.5. The peak
brightness is estimated from the MMRD relations to be
MV,max = −8.9 or −9.3, depending on which MMRD re-
lation is adopted. However, Aydi et al. (2018) obtained
MV,max = −10.5± 0.5 and (m −M)V = 19.0± 0.5, as-
suming the distance of d = 61 ± 10 kpc and absorption
of AV = 0.11± 0.06.
Aydi et al. (2018) concluded that, if the nova is lo-
cated in the SMC, it is the brightest nova ever discov-
ered in the SMC and one of the brightest on record.
Figure 41. Same as Figure 40(a), but comparison with
YY Dor and LMC N 2009a. The solid lines represent the
model light curves of (a) a 1.3 M⊙ WD with the chemical
composition of Ne nova 3, and (b) a 1.25 M⊙ WD of Ne
nova 2. The green/red lines correspond to the model V light
curves for the distance modulus of (m−M)V = 16.8/19.0.
Aydi et al. (2018) also showed that the total luminosity
is as high as 10−20 times the Eddington luminosity of a
1.2 M⊙ WD during the SSS phase (see their Figure 10).
However, it is very unlikely that the total luminosity
significantly exceeds the Eddington luminosity during
the SSS phase. Evolution calculations clearly showed
that the bolometric luminosity is close to the Edding-
ton limit in the SSS phase (e.g., Sala & Hernanz 2005;
Denissenkov et al. 2013; Kato et al. 2017). This is be-
cause such large super-Eddington luminosity pushes the
envelope against the gravity and expands the envelope.
As a result, the photospheric temperature decreases be-
low the supersoft X-ray emitting region. It seems more
plausible that the distance to the nova is shorter by at
least a factor of three, i.e., approximately d ∼ 20 kpc,
because the luminosity is just the Eddington luminosity
during the SSS phase.
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Figure 42. Various distance-reddening relation toward
SMC N 2016 are plotted. The vertical solid red line denotes
the reddening of E(B − V ) = 0.08. The blue and cyan lines
indicate Equations (5) and (15) for (m −M)V = 16.8 and
(m−M)I = 16.7, respectively.
5.5.1. Time-stretching method
Figure 40 shows the same (a) V light and (b) (B −
V )0 color curves of SMC N 2016 as in Figure 39 but on
a logarithmic timescale. We included the V light and
(B−V )0 color curves of U Sco, V407 Cyg, and RS Oph.
We also included the supersoft X-ray fluxes of U Sco
and RS Oph for comparison. Here, we determine the
horizontal shifts fs of each nova by overlapping the end
of the SSS phase. The V light and (B−V )0 color curves
of SMC N 2016 show a reasonable overlap with those of
U Sco. Then, we determine the set of ∆V = 2.0 and
log fs = 0.6 (fs = 4.0) for SMC N 2016 and U Sco, as
shown in Figure 40(a). We regard that Equation (8)
is satisfied for SMC N 2016 and U Sco, because the V
light curves of these two novae nearly overlap with each
other. Thus, we regard SMC N 2016 as a normal-decline
(U Sco) type nova. We apply Equation (9) to all the
novae in Figure 40 and obtain the relation:
(m−M)V,SMC N 2016
=(m−M +∆V )V,U Sco − 2.5 log 4.0
=16.3 + 2.0− 1.5 = 16.8
=(m−M +∆V )V,V407 Cyg − 2.5 log 0.45
=16.1− 0.2 + 0.88 = 16.78
=(m−M +∆V )V,RS Oph − 2.5 log 2.0
=12.8 + 4.8− 0.75 = 16.75, (39)
where we adopt (m −M)V,U Sco = 16.3 in Section 4.1,
(m − M)V,V407 Cyg = 16.1 in Section 3.2, and (m −
M)V,RS Oph = 12.8 in Section 3.1. Thus, we obtain
(m−M)V = 16.8 for SMC N 2016.
Our value of (m − M)V = 16.8 yields the distance
of d = 20.4 kpc from Equation (5) together with
E(B−V ) = 0.08 (Munari et al. 2017). Our distance is
much shorter than the SMC distance of d = 61± 10 kpc
(Aydi et al. 2018). We contend that this nova belongs
to our galaxy. It should be emphasized that this short
distance is consistent with the above argument that the
luminosity is just the Eddington luminosity during the
SSS phase.
We check our distance of d = 20.4 kpc to SMC N 2016
by comparing with the V light curves of LMC novae,
YY Dor and LMC N 2009a. Figure 41 shows that their
V light curves overlap to each other. We apply Equation
(9) to all the novae and obtain
(m−M)V,SMC N 2016 = 16.8
=(m−M +∆V )V,YY Dor − 2.5 log 1.0
=18.9− 2.1− 0.0 = 16.8
=(m−M +∆V )V,LMC N 2009a − 2.5 log 0.63
=19.1− 2.8 + 0.5 = 16.8, (40)
where we adopt (m −M)V,YY Dor = 18.9 from Section
5.1, (m−M)V,LMC N 2009a = 19.1 from Section 5.2. The
distance moduli of YY Dor and LMC N 2009a are reli-
able because the two novae are members of LMC whose
distance modulus is well constrained.
5.5.2. Model light curve fitting
Figure 41 also shows comparison with our model light
curves. Figure 41(a) plots a 1.3 M⊙ WD model with
the chemical composition of Ne nova 3 as a best-fit one
among 1.2, 1.25, and 1.3 M⊙ WDs (Hachisu & Kato
2016a). For Ne nova 2, we select the 1.25 M⊙ WD,
which is shown in Figure 41(b), as a best-fit one among
the three, 1.2, 1.25, and 1.3M⊙ WDs (Hachisu & Kato
2010). Note that the absolute magnitudes of these V
light curves are already known (Hachisu & Kato 2010,
2016a). If we assume the distance modulus of (m −
M)V = 16.8, we have a good fit (solid green line) with
the observation. On the other hand, if we assume the
SMC distance of d = 61 kpc, that is, (m−M)V = 19.0
(Aydi et al. 2018), the model light curves (solid red
lines) are much below the observation.
5.5.3. Distance-reddening relation
We further check our distance of d = 20.4 kpc by the
IC light curve. Figure 32(a) shows the IC light curves of
SMC N 2016, YY Dor, U Sco, and LMC N 2009a. These
four novae have a slope of Fν ∝ t
−1.75 (green lines) in
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the IC light curves and overlap with the same scaling
factors of fs as those of the V light curves. The distance
modulus of SMC N 2016 in the IC band is calculated to
be (m−M)I,SMC N 2016 = 16.8− 1.6× 0.08 = 16.7. We
apply Equation (9) to all the novae and obtain
(m−M)I,SMC N 2016 = 16.7
=(m−M +∆IC)I,YY Dor − 2.5 log 1.0
=18.7− 2.0− 0.0 = 16.7
=(m−M +∆IC)I,U Sco − 2.5 log 4.0
=15.9 + 2.3− 1.5 = 16.7
=(m−M +∆IC)I,LMC N 2009a − 2.5 log 0.63
=18.8− 2.6 + 0.5 = 16.7, (41)
where we adopt (m − M)I,YY Dor = 18.7 from Sec-
tion 5.1, (m − M)I,U Sco = 15.9 from Section 4.1,
(m −M)I,LMC N 2009a = 18.8 from Section 5.2. Thus,
we confirm that the set of SMC N 2016, YY Dor, U Sco,
and LMC N 2009a consistently overlap with each other
in the early phase, i.e., satisfy the timescaling law of
Equation (8) and, at the same time, satisfy the time-
stretching method of Equation (9).
Figure 42 shows various distance-reddening relations
toward SMC N 2016. The vertical solid red line denotes
the reddening of E(B − V ) = 0.08. The blue and cyan
lines indicate the relations of Equations (5) and (15) for
(m −M)V = 16.8 and (m −M)I = 16.7, respectively.
These three lines cross consistently at the point of d =
20.4 kpc and E(B−V ) = 0.08, supporting our estimate.
5.5.4. MMRD relation
We plot the MMRD point of SMC N 2016 in Figure
30. It is located closely to U Sco, LMC N 2009a, and
YY Dor, and in the lower side of the broad MMRD
relation. Thus, this nova is slightly fainter than the
MMRD2 relation, not the brightest on record as argued
by Aydi et al. (2018). We summarize the results in
Tables 1, 2, and 3.
5.5.5. Color-magnitude diagram
Figure 36(c) shows the color-magnitude diagram of
SMC N 2016. Here, we add two tracks of U Sco (open
cyan squares connected by thin cyan lines) and T Pyx
(filled green stars). The SMC N 2016 track broadly
overlaps with those of U Sco and T Pyx. The start
of the nebular phase (large open red square) is lo-
cated on the two-headed arrow. This coincidence clearly
shows that our adopted values of E(B − V ) = 0.08 and
(m−M)V = 16.8 are reasonable and demonstrates that
SMC N 2016 is a member of our galaxy. The distance of
d = 20.4 kpc is consistent with our overall understand-
ing of the characteristic properties of novae.
Figure 43. Same as Figure 34, but for the light/color
curves of M31N 2008-12a. (a) The filled blue squares denote
the V magnitudes of M31N 2008-12a. The (b) (B−V )0 and
(c) (U −B)0 color curves of M31N 2008-12a are dereddened
with E(B − V ) = 0.10.
5.5.6. Summary of SMC N 2016
The WD mass of SMC N 2016 is estimated to be
MWD = 1.29 M⊙ from the linear relation between
MWD and log fs in Figure 17 (see Table 3 for the
other WD masses). Aydi et al. (2018) discussed sev-
eral constraints and summarized their results asMWD >
1.25 M⊙ from t2 and MWD ∼ 1.25 − 1.3 M⊙ from the
SSS duration, being consistent with our estimate both
from the model light curve fitting in Figure 41 and lin-
ear relation of Figure 17. Neither the recurrence period
nor the orbital period of the binary is known. If the
evolutionary state is similar to CI Aql and YY Dor, we
may conclude that SMC N 2016 is not a progenitor of
SNe Ia.
5.6. M31N 2008-12a (2015)
The 1-yr recurrence period nova M31N 2008-12a is an
excellent example of recurrent novae because the dis-
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tance and extinction are well determined (Darnley et al.
2015, 2016; Henze et al. 2015; Kato et al. 2015, 2016,
2017). The nova reachedmV,max = 18.55 and its decline
rates are estimated to be t2 = 1.77 days and t3 = 3.84
days in the V band (Darnley et al. 2016), being a very
fast nova. Kato et al. (2015, 2016, 2017) concluded,
on the basis of their multiwavelength light curve model,
that the WD mass is close to 1.38 M⊙ and a promising
candidate of SN Ia progenitors. The distance to M31
is d ≈ 780 kpc and the extinction toward the nova is
E(B − V ) ≈ 0.1 (e.g., Darnley et al. 2016). Then, the
distance modulus is calculated to be (m−M)V = 24.8
from Equation (5).
With (m−M)V = 24.8 for M31N 2008-12a, the set of
vertical shift ∆V and horizontal shift log fs are uniquely
determined with the procedure described in Section 5.1.
We overlap the V light curve of M31N 2008-12a with
those of V745 Sco, T CrB, V838 Her, and V1534 Sco, as
shown in Figure 43. The V light curve of M31N 2008-
12a shows a quick decline a few days after the optical
peak compared with the other rapid-decline (V745 Sco)
type novae. Although the reason of this behavior is not
identified yet, the decay trend recovers and again follows
the other rapid-decline novae about 10 days after the
outburst. Thus, we regard M31N 2008-12a as a rapid-
decline type nova.
From Figure 43, we obtain ∆V = 8.2 ± 0.3 and
log fs = 0.0 (fs = 1.0) with respect to V745 Sco by
overlapping the light curve in the early 1-3 days and late
10-20 days except the mid 4-9 days, because M31N 2008-
12a shows a sharp decline during mid 4-9 days. We
exclude T CrB and V838 Her from our fitting because
these data show large scatter and are not appropriate.
The V light curve of M31N 2008-12a does not exactly
but broadly overlap with V745 Sco and V1534 Sco.
Thus, the vertical overlapping error could be as large as
±0.3 mag. We regard that these novae satisfy Equation
(8). Then, we apply Equation (9) to M31N 2008-12a,
V745 Sco, and V1534 Sco in Figure 43 and obtain the
relation:
(m−M)V,M31N 2008−12a = 24.8
=(m−M +∆V )V,V745 Sco − 2.5 log 1.0
=16.6 + 8.2 + 0.0 = 24.8
=(m−M +∆V )V,V1534 Sco − 2.5 log 0.79
=17.6 + 6.9 + 0.25 = 24.75, (42)
where we adopt (m − M)V,V745 Sco = 16.6 in Section
2.1 and (m−M)V,V1534 Sco = 17.6 in Section 2.4. Thus,
M31N 2008-12a, V745 Sco, and V1534 Sco satisfy Equa-
tions (8) and (9) within a vertical fitting error of ±0.3
mag. We regard M31N 2008-12a as a rapid-decline
(V745 Sco) type nova. We plot the MMRD point of
M31N 2008-12a in Figure 16. Its position is far below
both the MMRD1 and MMRD2 relations. We may con-
clude that this nova belongs to the faint class, as claimed
by Kasliwal et al. (2011).
Figure 36(d) shows the color-magnitude diagram of
M31N 2008-12a (filled green squares with black out-
lines). The data for the 2014 outburst are taken from
Darnley et al. (2015) and those for the 2015 outburst
from Darnley et al. (2016). The peak brightness is
approximately MV = 18.55 − 24.8 = −6.25, being
fainter than typical classical novae. The nova almost
follows the track of RS Oph, which is a recurrent
nova with a RG companion, although the (B − V )0
data of M31N 2008-12a are rather scattered around
(B − V )0 = −0.03. This resemblance may support our
set of E(B − V ) = 0.1 and (m−M)V = 24.8 and a RG
companion rather than a subgiant companion (see also
discussion of Darnley et al. 2016).
Recently, Darnley et al. (2017) observed M31N 2008-
12a in quiescence with HST and concluded that a
quiescent disk mass accretion rate is the order of
10−6 M⊙ yr
−1, based on their accretion disk model.
This large accretion rate, however, clearly contradicts to
the current theoretical understanding of nova outbursts
because this accretion rate is far above the critical accre-
tion rate for unstable nuclear burning (nova outbursts),
several times 10−7 M⊙ yr
−1 (see, e.g., Nomoto et al.
2007; Kato et al. 2014). Darnley et al. (2017) argued
the possibility that a large part of accreted matter is
blown in the accretion disk wind. We point out another
possible explanation. Their disk model does not include
the irradiation effect by the hot WD, which emits as
much as ∼ 300 L⊙ (Kato et al. 2017). If the irradia-
tion effect by the WD is included in their disk model,
the accretion rate could be much smaller than their
adopted value of ∼ 10−6 M⊙ yr
−1 or more.
6. DISCUSSION
6.1. Timescales over the three types
We have divided the 14 novae into three groups. In
each group, we have determined the timescaling factor of
fs with respect to the template nova of the group. In this
subsection, we determine the common timescales over
the three groups. We adopt the timescale of V745 Sco
as the unit of common timescale, which is the smallest
fs among the 14 novae.
The V745 Sco novae do not have the Fν ∝ t
−1.75 slope,
as shown in Figure 1. To determine the timescale dif-
ference between the V745 Sco and U Sco types, we use
the slope of Fν ∝ t
−3.5. In U Sco, this slope started
approximately 10 days after the outburst (see Figures 1
and 23). We regard that the rapid-decline light curve of
50 Hachisu & Kato
V745 Sco corresponds to the Fν ∝ t
−3.5 decline of U Sco.
This is because the ignition mass of the hydrogen-rich
envelope of V745 Sco is too small to reach the slope of
Fν ∝ t
−1.75, and much smaller than that of U Sco.
Now, we determine the timescaling factor fs of U Sco
with respect to V745 Sco with the same procedure as
in Sections 3.2.4 and 5.1. We overlap the V745 Sco and
U Sco at the rapid decline trend of Fν ∝ t
−3.5 and obtain
the best overlap for the set of ∆V = 0.3 and log fs = 0.0
(fs = 1.0), as shown in Figures 1 and 44. The timescal-
ing factor of fs is almost the same between these two
novae, although their WD mass is slightly different. It
is interesting that the start of the optically thin phase
of V745 Sco and the start of the nebular phase (break)
of U Sco roughly overlap. From Figures 1 and 44, we
finally obtain
(m−M)V,V745 Sco = 16.6
=(m−M +∆V )V,RS Oph − 2.5 log 0.50
=12.8 + 3.0 + 0.75 = 16.55
=(m−M +∆V )V,V407 Cyg − 2.5 log 0.112
=16.1− 1.9 + 2.38 = 16.58
=(m−M +∆V )V,U Sco − 2.5 log 1.0
=16.3 + 0.3 + 0.0 = 16.6, (43)
where we adopt (m − M)V,RS Oph = 12.8 in Section
3.1, (m − M)V,V407 Cyg = 16.1 in Section 3.2, and
(m−M)V,U Sco = 16.3 in Section 4.1, because we already
know the difference in the timescale between RS Oph
and U Sco. Figure 1 shows the relations between the
template light curves for the four novae thus deter-
mined. The timescaling factor of each nova against that
of V745 Sco is listed in Tables 1, 2, and 3.
We have already tried to bridge the two timescales in
the U Sco and LMC N 2012a light curve analysis (Sec-
tions 4.1 and 5.3). The above result is supported also
by comparing the timescaling factors between Figures 34
and 35. The light curve of LMC N 2012a is similar to
that of U Sco but has only Fν ∝ t
−3.5 slope in the early
decline phase. So we assign this nova to the V745 Sco
group. Moreover, its absolute magnitude is well de-
termined because of its LMC membership. Therefore,
LMC N 2012a is a best example for bridging the two
groups as clearly demonstrated in Section 5.3. To con-
firm again the relation among these three novae, we plot
the absolute V light curves and (B − V )0 color curves
of V745 Sco, U Sco, and LMC N 2012a in Figure 45.
The ordinate is MV − 2.5 log fs instead of MV . Af-
ter time-stretch of each nova light curve, the absolute
MV − 2.5 log fs magnitude should overlap to each other.
In this particular case, V745 Sco and U Sco are time-
stretched with fs = 1.26 against LMC N 2012a. The
three V light curves clearly overlap to each other on
Figure 44. Same as Figure 35, but we plot the light/color
curves of V745 Sco. (a) The filled green circles with black
outlines denote the V magnitudes of V745 Sco and the green
asterisks represent the X-ray (0.3−2.0 keV) flux of V745 Sco,
and the other symbols are the same as those in Figure 35.
The (b) (B−V )0 and (c) (U−B)0 color curves. The (B−V )0
colors of V745 Sco are dereddened with E(B − V ) = 0.70.
the line of Fν ∝ t
−3.5. The V light curves of V745 Sco
and U Sco further overlap to each other even in the
very early phase of the outburst. The V light curves
of U Sco and LMC N 2012a show a similar plateau of
MV −2.5 log fs ∼ −2 mag, which is caused by a disk irra-
diation by the central WD (e.g., Hachisu et al. 2000a).
Thus, we confirm that our common timescale between
the V745 Sco and U Sco types supports Equation (9)
and vice versa.
6.2. Large deviation from MMRD relations
We have already examined the MMRD relation for
many galactic classical novae based on our model light
curves (Hachisu & Kato 2010, 2015, 2016a). The main
conclusions are that (1) the main trend is determined
by the timescaling factor fs (WD mass), (2) the scat-
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Figure 45. (a) The absolute V light curves of V745 Sco,
U Sco, and LMC N 2012a on a logarithmic timescale. The
ordinate is MV − 2.5 log fs instead of MV . (b) The (B−V )0
color curves of V745 Sco, U Sco, and LMC N 2012a.
ter from the main trend is due to the difference in the
ignition mass (mass accretion rate on to the WD), and
(3) the saturation of the peak brightness for the longer
(t2 or) t3 time regime (less massive WDs) is caused by
the contribution from the photospheric radiation (see
Hachisu & Kato 2015, for more detail). In this sub-
section, we add new reasons for the scatter of MMRD
points from the main trend, especially for recurrent and
very fast novae.
We pointed out that there are three types of nova
light curves, the normal-decline (U Sco), rapid-decline
(V745 Sco), and CSM-shock (RS Oph) types. We dis-
cuss the three types in this order.
The light curves of the normal-decline (U Sco) novae
closely follow the trend of the universal decline law, Fν ∝
t−1.75, as shown in Figure 1. Their MMRD points are
located in the lower region of the MMRD relations, as
shown in Figure 30. These deviations come from reason
(2) mentioned above. This is because the ignition masses
are relatively small in these novae, i.e., smaller initial
envelope mass at hydrogen burning (point C rather than
point B in Figures 30, 48, 49, and 51). Therefore, the
peak brightness MV,max is relatively faint, even for the
smaller t2 and t3 times. This trend is the same as that
in classical novae. We explain this effect in more detail
in Appendix B.
The light curves of the rapid-decline (V745 Sco) type
novae are characterized by a very short period before
the start of SSS phase. Soon after the optical peak, the
V brightness quickly decays as Fν ∝ t
−3.5, as shown in
Figure 1. The start of quick decay from Fν ∝ t
−1.75
to Fν ∝ t
−3.5 roughly corresponds to the break of the
U Sco V light curve. (See also Figure 49 in Appendix A
for the break). This means that the ignition mass of the
hydrogen-rich envelope is too small to reach the normal-
decline segment of Fν ∝ t
−1.75. The t2 and t3 times
are much shorter because Fν ∝ t
−3.5 rather than Fν ∝
t−1.75. The peak brightness is fainter because of the
smaller ignition mass and smaller wind mass-loss rate.
Thus, this type of novae are located significantly below
the MMRD relations, as shown in Figure 16. In short,
this occurs when the ignition mass is much smaller than
the case of the normal-decline types. We may conclude
that the rapid-decline type novae do not exhibit Fν ∝
t−1.75 (the universal trend of galactic classical novae) in
their early phase V light curves, but start with Fν ∝
t−3.5 and the two novae, V1534 Sco and M31N 2008-
12a, belong to the faint class claimed by Kasliwal et al.
(2011).
The final case we discuss is the contamination of
shock-heating. The light curves of the CSM-shock
(RS Oph) type novae are contaminated by the flux from
shock-heating, as shown in Figures 1, 18, 21, and 38.
These show slow decline rates close to Fν ∝ t
−1.0 during
the strong shock-interaction with the CSM. Therefore,
their t2 and t3 times are longer than those with no shock
contamination, even for the same MV,max. These novae
host a massiveWD and the ignition mass is large enough
to start from the decline of Fν ∝ t
−1.75. Therefore,
the naked MMRD points without shock contamination
should be located in the lower side of the broad MMRD
relations, like those of the normal-decline (U Sco) types.
With the help of shock-heating, novae of this type hap-
pen to follow the MMRD relations as shown in Figure
22.
6.3. Progenitors of Type Ia supernovae
A typical evolution path of the progenitors in the
SD scenario (e.g., Hachisu et al. 1999a,b) is as follows:
When the companion evolves to expand and fills its
Roche lobe, mass transfer begins from the companion
to the WD. The mass transfer rate quickly increases
and exceeds the critical rate for optically thick wind
(see M˙cr in Figure 3 of Kato et al. 2014). The WD
evolves from the optically thick wind phase, through the
SSS phase (steady H-burning phase) and to the recur-
52 Hachisu & Kato
rent nova phase (H-shell flash phase), and finally ex-
plodes as a SN Ia (e.g., Hachisu et al. 2008a, 2012).
The WD mass substantially increases during the wind
and SSS phases before the WD enters a recurrent nova
phase. In other words, a recurrent nova in the course
toward a SN Ia has a WD that has already grown up to
very close to the Chandrasekhar mass. A recurrent nova
with a WD mass, say 1.2 M⊙, will not reach the Chan-
drasekhar mass in the ensuing binary evolution (e.g.,
Hachisu et al. 2008a, 2012).
Therefore, a SN Ia progenitor in a recurrent nova
phase should host a WD close enough toMIa = 1.38M⊙
(Nomoto 1982) before the SN Ia explosion, as men-
tioned in Section 1. The binary orbital period is highly
likely in the ranges between ∼0.3 and ∼5 days for
WD+MS binary systems, or between ∼100 and ∼1000
days for WD+RG binary systems (see, e.g., Figure 1
of Hachisu et al. 2008a). These orbital periods sup-
port high mass accretion rates onto the WDs and suf-
ficient mass retention efficiency of the accreted mat-
ter. The typical mass-increasing rates of WDs are
M˙WD ∼ 1×10
−7 M⊙ yr
−1 just below the stability line of
hydrogen-shell burning (see, e.g., Kato et al. 2017). If
the WD mass increases from 1.35M⊙ toMIa = 1.38M⊙
in the recurrent nova phase and explodes as a SN Ia, it
takes approximately tIa ∼ 0.03M⊙/1×10
−7 M⊙ yr
−1 =
3× 105 yr, which is shorter than the evolution timescale
of the donor (RG star or MS star). It is unlikely that
these WDs were born as massive as they are (MWD ≥
1.35 M⊙). Therefore, these WDs have grown in mass
since their births. This strongly suggests further in-
crease in the WD masses in these systems.
Figure 17 shows the WD mass against the timescal-
ing factor of log fs, where the timescaling factor is
measured based on that of V745 Sco (fs = 1.0 for
V745 Sco). Various WD masses are estimated from
the trend of this fs vs. MWD relation (solid red
lines). We also plot the WD masses determined by
the other methods, as listed in Table 3. Among
these 14 novae, we select eight novae that almost
satisfy the conditions of SN Ia progenitor mentioned
above, i.e., T CrB (1.38 M⊙, RG, Porb = 227.6 days),
V838 Her (1.37 M⊙, MS, Porb = 0.2976 days), RS Oph
(1.35 M⊙, RG, Porb = 453.6 days), U Sco (1.37 M⊙,
subgiant, Porb = 1.23 days), V745 Sco (1.385 M⊙,
RG, Porb =unknown), V1534 Sco (1.37 M⊙, RG,
Porb =unknown), LMC N 2012a (1.37 M⊙, subgiant,
Porb = 0.802 days), and M31N 2008-12a (1.38 M⊙,
RG?, Porb =unknown).
7. CONCLUSIONS
Our results are summarized as follows:
1. We analyzed 14 fast novae including eight recur-
rent novae, and divided them into three types of
light curve shapes: the rapid-decline (V745 Sco),
CSM-shock (RS Oph), and normal-decline (U Sco)
types. The rapid-decline type includes V745 Sco,
T CrB, V838 Her, V1534 Sco, LMC N 2012a,
and M31N 2008-12a; the CSM-shock type in-
cludes RS Oph, V407 Cyg, and LMC N 2013; and
the normal-decline type includes U Sco, CI Aql,
YY Dor, LMC N 2009a, and SMC N 2016. We
obtained the distances, distance moduli in the V
band, and reddenings of each nova from various
methods. The results are summarized in Table 1.
2. The normal-decline type novae follow the univer-
sal decline trend of Fν ∝ t
−1.75 in a substantial
part of their early V light curves. The CSM-shock
type novae have a substantial part of Fν ∝ t
−1.0
during shock-heating between ejecta and CSM.
After the shock breakout, the slope changes to
Fν ∝ t
−1.55. The rapid-decline type novae have
no or a very short duration of the universal trend
of Fν ∝ t
−1.75, but rather follow a steep trend of
Fν ∝ t
−3.5. This is because their initial envelope
masses are too small to reach the normal-decline
segment of Fν ∝ t
−1.75, but they only start from a
later phase in which the slope has already changed
from Fν ∝ t
−1.75 to Fν ∝ t
−3.5.
3. Comparing the five nova light curves of V407 Cyg,
RS Oph, V745 Sco, T CrB, and V1534 Sco
that have a RG companion, we found that
V407 Cyg is most heavily contaminated by
shock-heating (Fν ∝ t
−1.0), RS Oph is slightly
weaker (Fν ∝ t
−1.55 but LSMEI ∝ t
−1.0) than
V407 Cyg, V745 Sco and T CrB are much weaker
(Fν ∝ t
−3.5), and V1534 Sco is almost uncontam-
inated (Fν ∝ t
−3.5).
4. In all three types of novae, the V light curves fol-
low a timescaling law (if we properly stretch or
squeeze in the time direction and shift up or down
each V light curve), i.e., they almost overlap each
other in the same group. We regard that they
broadly obey Equation (8). Based on the obtained
distance moduli, we confirm that these novae sat-
isfy the time-stretching method, i.e., Equation (9)
when they obey Equation (8).
5. We apply our methods, i.e., timescaling law and
time-stretching method, to LMC, SMC, and M31
novae. This is our first attempt to apply the
method to extra-galactic novae. We identified
YY Dor, LMC N 2009a, and SMC N 2016 as
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the normal-decline type, LMC N 2013 as the CSM
shock type, and LMC N 2012a and M31N 2008-12a
as the rapid-decline type. We confirm that these
novae also satisfy the time-stretching method
when they overlap with each other, i.e., Equation
(8) and Equation (9). These results support that
the time-stretching method is applicable, even to
M31 and LMC novae.
6. We find that SMC N 2016 is not a member of
SMC, but rather a member of our galaxy, because
its distance is obtained to be d = 20± 2 kpc.
7. The rapid-decline type novae do not obey the
MMRD relations, i.e., their MMRD points are
much fainter. This is because their initial envelope
masses, i.e., ignition masses, are too small to reach
the universal decline of Fν ∝ t
−1.75. The normal-
decline type novae are located in the lower region
of the law of Della Valle & Livio (MMRD2), but far
below Kaler-Schmidt’s law (MMRD1). The CSM-
shock type novae happen to be located near the
main trend of the MMRD relations, because the
light curves are contaminated with shock-heating
and slowly decay as Fν ∝ t
−1.0, resulting in longer
t2 and t3 times that compensate the relatively faint
MV,max. Thus, in general, the empirical MMRD
relations should not be used to estimate the dis-
tance moduli of very fast and recurrent novae.
8. The WD mass of V745 Sco is estimated to be
MWD = 1.385 M⊙ from our model light curve fit-
ting with the supersoft X-ray light curve. This
WD mass is more massive than MWD = 1.38 M⊙
of the 1-yr recurrence period nova, M31N 2008-
12a. This is consistent with the earlier appearance
of the SSS phase of V745 Sco (tSSS−on ∼ 4 days)
than that of M31N 2008-12a (tSSS−on ∼ 6 days).
9. The WD mass of V838 Her is estimated to be
MWD = 1.37 M⊙ from our model light curve fit-
ting with the UV 1455 A˚ light curve. This is
consistent with the timescaling factor log fs = 0.1
(fs = 1.26) of V838 Her, which is slightly larger
than log fs = 0 (fs = 1.0) of V745 Sco (MWD =
1.385 M⊙) in the same V745 Sco group.
10. Among the analyzed 14 novae, we select eight no-
vae that almost satisfy the conditions of SN Ia pro-
genitors, i.e., T CrB (MWD = 1.38M⊙), V838 Her
(1.37 M⊙), RS Oph (1.35 M⊙), U Sco (1.37 M⊙),
V745 Sco (1.385 M⊙), V1534 Sco (1.37 M⊙),
LMC N 2012a (1.37 M⊙), and M31N 2008-12a
(1.38 M⊙).
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APPENDIX
A. MODEL LIGHT CURVES OF NOVAE
A.1. Free-free emission model light curves of novae
After hydrogen ignites on a WD, the hydrogen-rich envelope on the WD expands to giant size and emits optically
thick winds (e.g., Kato & Hachisu 1994; Kato et al. 2017). The optical magnitude attains the peak at the maximum
expansion of the photosphere (time t0). The WD envelope settles in a steady state. The photospheric radius Rph
begins to decrease, whereas the total photospheric luminosity Lph is almost constant during the outburst. Thus, the
photospheric temperature Tph increases with time because Lph = 4piR
2
phσT
4
ph. The main emitting wavelength region
moves from optical to UV and finally, to supersoft X-ray, corresponding to from Tph ∼ 10
4 K through ∼ 106 K. The
optically thick winds blow continuously from the very beginning of the outburst until the photospheric temperature
increases to logTph (K)∼ 5.4. Just after the optically thick wind stops (time twind), the temperature quickly rises and
the supersoft X-ray phase starts (e.g., Kato & Hachisu 1994).
Nova spectra are dominated by free-free emission after optical maximum (e.g., Gallagher & Ney 1976; Ennis et al.
1977). This free-free emission comes from optically thin plasma outside the photosphere. Hachisu & Kato (2006)
calculated free-free emission model light curves of novae and showed that theoretical light curves can reproduce
observed NIR/optical light curves of several classical novae from near the peak to the nebular phase. These free-
free emission model light curves are calculated from the nova evolution models based on the optically thick wind
theory (Kato & Hachisu 1994). Their numerical models provide the photospheric temperature (Tph), radius (Rph),
velocity (vph), and wind mass-loss rate (M˙wind) of a nova hydrogen-rich envelope (mass of Menv) for a specified WD
54 Hachisu & Kato
Figure 46. Visual (red dots), V (filled blue circles), and y (open magenta squares) light curves and UV 1455 A˚ light curve
(large open red circles) of V1668 Cyg. Assuming that (m−M)V = 14.6, we plot three model light curves of a 0.98 M⊙ WD. The
green, blue, and red solid lines show the total (labeled “TOTAL”), free-free (labeled “FF”), and blackbody (labeled “BB”) V
fluxes. The solid black line denotes the UV 1455 A˚ flux. An optically thin dust shell formed ∼ 60 days after the outburst (e.g.,
Gehrz et al. 1980). Optically thick winds and hydrogen-shell burning end approximately 250 and 625 days after the outburst,
respectively, for the 0.98 M⊙ WD model.
mass (MWD) and chemical composition of the hydrogen-rich envelope. The free-free emission model light curves are
calculated by Equations (9) and (10) in Hachisu & Kato (2006) together with these values.
Figure 46 shows such an example of the model light curves for the fast nova V1668 Cyg (see, e.g., Hachisu & Kato
2016a). Here, we adopt a 0.98 M⊙ WD model and the chemical composition of CO nova 3 (X = 0.45, Y = 0.18,
Z = 0.02, XCNO = 0.35, XNe = 0.0, see Hachisu & Kato 2006, 2015, 2016a, for the definition of the chemical
composition of the hydrogen-rich envelope). The green, blue, and red solid lines show the total (labeled “TOTAL”),
free-free (labeled “FF”), and blackbody (labeled “BB”) V fluxes, respectively. The blackbody V flux is calculated
from Tph and Rph, assuming blackbody emission at the photosphere. The total flux is the summation of the free-free
and blackbody fluxes. An optically thin dust shell formed ∼ 60 days after the outburst (e.g., Gehrz et al. 1980). Our
model light curves do not include the effect of dust shell formation. Optically thick winds and hydrogen-shell burning
end approximately 250 days and 625 days after the outburst, respectively, for the 0.98 M⊙ WD model.
We should note that strong emission lines such as [O III] significantly contribute to the V and visual magnitudes
in the nebular phase. V1668 Cyg entered the nebular phase at mV ≈ 10.4, approximately 80 days after the outburst
(e.g., Klare et al. 1980). Because our model light curves (free-free plus blackbody) do not include emission lines, they
begin to deviate from the observed V and visual magnitude as shown in Figure 46. The intermediate y band (magenta
open squares), which is designed to avoid such strong emission lines, reasonably follows our model light curve that
represents the continuum spectrum.
This figure also shows the UV 1455 A˚ band fluxes of V1668 Cyg (large open red circles). The UV 1455 A˚ band
is an emission-line-free narrow band (20 A˚ width centered at 1455 A˚), invented by Cassatella et al. (2002) based on
the IUE spectra of novae. This band represents well the continuum flux at UV and is useful for light curve fitting.
The model flux of UV 1455 A˚ (solid black line) is calculated from Tph and Rph, assuming blackbody emission at the
photosphere. Both the UV 1455 A˚ and V fluxes simultaneously reproduce the observation.
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Figure 47. Absolute V magnitudes of free-free emission model light curves for the chemical composition of CO nova 3 and
WD masses of 0.55−1.2 M⊙ in 0.05 M⊙ steps, the numerical data of which are taken from Table 3 of Hachisu & Kato (2016a).
The mass of hydrogen-rich envelope on the WD gradually decreases along each light curve because the envelope mass is lost in
the wind and consumed by nuclear burning. The right edges of free-free emission model light curves correspond to the epoch
when the optically thick winds stop. Two light curves are specified by the thick solid magenta line (0.65 M⊙) and thick solid
blue line (0.95 M⊙). A less massive WD declines more slowly, and thus the nova speed class depends mainly on the WD mass.
Hachisu & Kato (2010, 2014, 2015, 2016a) calibrated the absolute V magnitudes of these free-free emission model
light curves with various novae whose distance and reddening are well determined. They obtained a large set of
model light curves with absolute magnitudes for various WD masses and chemical compositions. Figure 47 shows such
free-free model light curves of novae for the chemical composition of CO nova 3.
The decay timescale of a nova light curve depends strongly on the WD mass and weakly on the chemical composi-
tion of hydrogen-rich envelope (Hachisu & Kato 2006). As the main parameter is the WD mass, model light curve
fitting can constrain the WD mass of a nova. Many nova WD masses were estimated with this fitting method (e.g.,
Hachisu & Kato 2006, 2007, 2009; Hachisu et al. 2006b, 2007, 2008b).
A.2. Universal decline law of nova light curves
Hachisu & Kato (2006) found one more important property in nova optical and NIR light curves; when free-free
emission dominates the spectrum, there is a universal decline law. Figure 48 demonstrates that the fourteen nova light
curves (solid black lines) in Figure 47 overlap with each other if we stretch/squeeze the timescale by a factor of fs, and
shift up/down the absolute V magnitude by −2.5 log fs. Hachisu & Kato (2006) called this property the universal
decline law of novae. They regarded V1668 Cyg as a standard nova and measure the fs of fourteen theoretical light
curves against the V1668 Cyg optical/UV light curves. They found that a 0.98M⊙ WD model can best reproduce the
observed light curves of V1668 Cyg, as shown in Figure 46. The free-free fluxes of 0.98 M⊙ WD model are also shown
by the solid red lines in Figures 48, 49, and 50, as a representative of the universal decline law among the various
WD mass models, i.e., fs = 1.0 both for V1668 Cyg and the 0.98 M⊙ WD model. The fs of each WD mass model is
tabulated in Table 3 of Hachisu & Kato (2016a) for the chemical composition of CO nova 3. Note that the relation
between V745 Sco and V1668 Cyg is fs,V1668 Cyg/fs,V745 Sco = 21 from Equation (28) and Tables 2 and 3.
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Figure 48. Same model light curves as in Figure 47, but in the (t/fs)-(MV − 2.5 log fs) coordinates. We add the UV 1455 A˚
model light curves. The optical and UV 1455 A˚ data of V1668 Cyg are the same as those in Figure 3 of Hachisu & Kato (2016a).
The UV 1455 A˚ model fluxes are normalized to the peak value of the UV observation. We measure the timescaling factor fs
of each model with respect to the V1668 Cyg light curves. The values of log fs are tabulated in Table 3 of Hachisu & Kato
(2016a). All the free-free emission model light curves overlap with each other in the MV − 2.5 log fs ordinate and the t/fs
abscissa. We add a 0.98 M⊙ WD model (solid red lines), which simultaneously reproduce the V (filled blue squares), y (large
open magenta squares), and UV 1455 A˚ (large open red circles) light curves of V1668 Cyg. Three different initial envelope
masses of Menv,0 = 2.0× 10
−5M⊙, 1.4× 10
−5M⊙, and 0.93× 10
−5M⊙ correspond to the three peak brightnesses, i.e., points A,
B, and C, respectively, on the 0.98 M⊙ WD model with the chemical composition of CO nova 3 (Hachisu & Kato 2016a). The
peak brightness of V1668 Cyg, mV = 6.2 (MV = 6.2− 14.6 = −8.4), corresponds to point B.
Figure 48 also shows the UV 1455 A˚ light curves as well as the observational data of V1668 Cyg (Cassatella et al.
2002). Hachisu & Kato (2006, 2010, 2015, 2016a) calculated UV 1455 A˚ model light curves for various WD masses
and chemical compositions of hydrogen-rich envelope, assuming blackbody emission at the photosphere. With the
same factor of fs as those of optical/NIR light curves, the model UV 1455 A˚ light curves are squeezed/stretched and
converged well, as shown in the figure. Here, each UV 1455 A˚ peak is normalized to fit with the observed peak of
V1668 Cyg. With simultaneous fit to the V and UV 1455 A˚ data, we can specify the WD mass much more precisely. For
example, Hachisu & Kato (2016a) obtained the WD mass with the accuracy of ±0.01 M⊙ (MWD = 0.98± 0.01 M⊙)
for V1668 Cyg.
A.3. Time-stretching method of nova light curves
Hachisu & Kato (2010) proposed a time-stretching method of nova light curves based on the universal decline law,
and determined the timescaling factor of fs and distance modulus in the V band, µV ≡ (m−M)V , for various novae
(see also Appendix of Hachisu & Kato 2016a). In this subsection, we briefly explain how the time-stretching method
works.
Figure 49 shows the same free-free emission model light curves of Figure 48, but on a logarithmic timescale, because
we manipulate the nova light curves much more easily on logarithmic timescales. Figure 50 shows the same model
light curves in Figure 47 but without time-normalization, i.e., MV vs. log t. If we stretch/squeeze these light curves
by fs and shift in the vertical direction by −2.5 log fs, we obtain Figure 49.
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Figure 49. Same as Figure 48, but on a logarithmic timescale. The right edges of free-free emission model light curves
correspond to the epoch when the optically thick winds stop. Other characteristic epochs are indicated for V1668 Cyg and
the 0.98 M⊙ WD model. The model light curves show a bend ∼ 100 days after the outburst, which is labeled “break.” This
corresponds roughly to the start of the nebular phase of V1668 Cyg.
If we pick two light curves in Figure 50 and overlap them by shifting one of the two, horizontally back and forth
and vertically up and down, as in Figure 49, we can measure the timescaling factor of fs from the time-shift of
log fs = ∆ log t and the difference in the absolute V magnitude, ∆MV , from ∆MV = −2.5 log fs with respect to the
other. The stretching factor fs is obtained for a selected nova (target nova) against the other (template nova). If the
absolute magnitude of the template nova is known, the absolute magnitude of the target nova is calculated from
(MV [t])template=(M
′
V [t
′])target
=(MV [t/fs])target − 2.5 log fs, (A1)
where the brightness (t, MV ) of the target nova is converted to the brightness (t
′, M ′V ) by time-stretch t
′ = t/fs and
M ′V [t
′] =MV [t/fs]− 2.5 log fs. Here, we note MV [t] to demonstrate that MV is a function of t. This relation is easily
understood from Figures 49 and 50. This equation is equivalent to
(MV [t× fs])template=(M
′
V [t])target
=(MV [t])target − 2.5 log fs. (A2)
Using the inverse time-stretch t′ = t× fs and M
′
V [t
′] =MV [t× fs] + 2.5 log fs for the template, we rewrite Equation
(A1) as
(MV [t])target=(M
′
V [t
′])template
=(MV [t× fs])template + 2.5 log fs. (A3)
In general, we obtain nova light curves in the apparent magnitude. The difference between the apparent magnitudes
of the two novae is obtained as
(mV [t])target = (mV [t× fs])template + (∆V )template, (A4)
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Figure 50. Same as Figure 49, but in the absolute V magnitude vs. logarithmic timescale plane. The position at point B in
Figures 48 and 49 is indicated by the filled magenta circle on each V light curve. We also show the absolute magnitude 15 days
after the optical maximum, MV (15), by the green crosses. The solid red lines indicate the 0.98 M⊙ WD model for V1668 Cyg.
where we squeezed the apparent V magnitude light curve of the template nova horizontally (in the time direction) by
a factor of fs and shifted vertically by (∆V )template to overlap with the target nova. Subtracting Equation (A3) from
Equation (A4), we obtain the distance modulus of the target nova as
(m[t]−M [t])V,target = ((m[t× fs]−M [t× fs])V +∆V )template − 2.5 log fs. (A5)
Because (m[t]−M [t])V is a constant, we simply write Equation (A5) as
(m−M)V,target = ((m−M)V +∆V )template − 2.5 log fs, (A6)
where (m −M)V,template is the distance modulus of the template nova, which is known. Equation (A6) is the same
equation as Equation (9). Thus, we can obtain the distance modulus of a target nova by comparing it with the template
nova. Hachisu & Kato (2010) called this method the time-stretching method.
The above mathematical relations are derived from the universal decline law, which is based on the free-free emission
model light curves calculated from the optically thick wind model (see Appendices of Hachisu & Kato 2010, 2016a,
for more detail). Note that individual nova light curves more or less deviate from the universal decline law for various
reasons but these relations approximately represent the overall trends between nova light curves.
B. THEORETICAL MAXIMUM MAGNITUDE VS. RATE OF DECLINE RELATIONS
The Maximum Magnitude vs. Rate of Decline (MMRD) relation, i.e., the relation between MV,max and (t2 or) t3,
is often used to estimate the distance to novae (e.g., Cohen 1988; della Valle & Livio 1995; de Vaucouleurs 1978;
Downes & Duerbeck 2000; Schmidt 1957). The time-stretching method is fundamentally different from the MMRD
methods, mainly because the time-stretching method does not require the peak brightness (maximum magnitude). In
this subsection, we present a theoretical explanation of the MMRD relations not only on the main trend but also on
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Figure 51. The maximum magnitude vs. rate of decline (MMRD) relation. The ordinate is the absolute V magnitude and
the abscissa is the t3 time. The open blue circles are the MMRD points calculated from our various WD mass models in Figure
50. Point B represents the peak brightness of V1668 Cyg for a nova model on a 0.98M⊙ WD with the chemical composition of
CO nova 3 (Hachisu & Kato 2016a). We suppose that B corresponds to a typical initial envelope mass for a nova of a given
WD mass. The thick cyan line passing through point B corresponds to a MMRD relation of novae with typical initial envelope
mass but different WD mass. The cyan line passing through point A is a MMRD relation for a much larger initial envelope mass
than that of point B (much lower mass accretion rates). The cyan line passing through point C is a MMRD relation for a much
smaller initial envelope mass than that of point B (much higher mass accretion rates). The green solid lines connect the same
WD mass, i.e., 1.15, 1.05, 0.98, 0.85, 0.75, and 0.65 M⊙. The filled red circles are MMRD points for individual galactic novae
taken from Table 5 of Downes & Duerbeck (2000). The cyan lines envelop these MMRD points studied by Downes & Duerbeck
(2000). Two well-known MMRD relations are added: Kaler-Schmidt’s law (Schmidt 1957) indicated by blue solid lines labeled
“MMRD1,” and Della Valle & Livio’s (1995) law indicated by magenta solid lines labeled “MMRD2.” We add upper/lower
bounds of ±0.5 mag for each of these two MMRD relations.
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the large scatter of individual novae around the main trend, based on the time-stretching method. The essential part
of the theoretical explanation is given in Figure 15 of Hachisu & Kato (2010), Figure 36 of Hachisu & Kato (2015),
and Figures 47 and 48 of Hachisu & Kato (2016a), but here we give a systematic description on the main trend of
MMRD relations and scatter around the main trend.
The main trend of MMRD relations can be explained as follows. The model light curves of free-free emission decline
along the decreasing envelope mass,Menv, and thus, the peak brightness depends on the initial envelope mass,Menv,0,
at maximum. In other words, by specifying the WD mass and initial envelope mass, we can determine the peak
brightness on the light curve. For example, the peak brightness of V1668 Cyg corresponds to point B in Figures 48
and 49. If we assume that V1668 Cyg has a typical peak brightness, which is expressed by a point (point B) in the
log(t/fs)-(MV − 2.5 log fs) plane (Figure 49), other speed classes (other WD masses) of novae have the typical peak
brightness MV at point B (filled magenta circles) in the real timescale log t (Figure 50). This means that a faster
declining nova (smaller t2 or t3 time) has a brighter maximum magnitude (smaller MV,max) and a slower declining
nova has a fainter peak.
We read the value of MV,max at point B (filled magenta circle) on each model light curve (different WD mass) and
obtain its t3 time in Figure 50. Then, we plot the positions of (t3, MV,max) by the open blue circles in Figure 51,
which are approximately located on the thick straight cyan line. This is the main trend of the MMRD relation. In
short, the main trend of the MMRD relation is explained by the difference in the WD mass.
Now, we derive a simple theoretical formula for the MMRD relation based on the universal decline law. Here, we
take the absolute V magnitude light curve of the 0.98 M⊙ WD model (solid red lines in Figures 48, 49, and 50) as
the representative of the universal decline law. The apparent brightness, mV,max, at point B of each light curve with
different WD masses (different fs) is expressed as mV,max = m
′
V,max + 2.5 log fs and t3 = t
′
3 × fs by time-stretch.
Eliminating fs from these two relations, we have
mV,max = 2.5 log t3 +m
′
V,max − 2.5 log t
′
3. (B7)
Because point B corresponds to the optical peak of V1668 Cyg (fs = 1.0 in Figure 48), we obtain t
′
3 = 26 days and
m′V,max = 6.2 from the V1668 Cyg light curve. Substituting t
′
3 = 26 days and m
′
V,max = 6.2 into Equation (B7), we
have
mV,max = 2.5 log t3 + 6.2− 2.5 log 26 = 2.5 log t3 + 2.7. (B8)
This is our theoretical apparent MMRD relation for a maximum point B in Figure 48. Using the distance modulus of
(m−M)V , we obtain our theoretical MMRD relation as
MV,max=mV,max − (m−M)V
=2.5 log t3 +m
′
V,max − 2.5 log t
′
3 − (m−M)V . (B9)
Substituting (m−M)V = 14.6 for V1668 Cyg into Equation (B9), we have
MV,max=2.5 log t3 + 6.2− 2.5 log 26− 14.6
=2.5 log t3 − 11.9. (B10)
Figure 51 shows this theoretical MMRD relation (passing through point B) for novae by the thick solid cyan line. We
show the value of fs on the upper horizontal axis of Figure 51, which corresponds to the t3 time on the lower horizontal
axis.
Next, we explain the reason why individual novae deviate from the main trend of MMRD relation, Equation (B10).
If the initial envelope mass, Menv,0, is larger or smaller than that at point B, we obtain different MMRD relations.
Hachisu & Kato (2010) showed that the peak magnitude is brighter for a larger initial envelope mass, even for the
same WD mass. Suppose that a nova follows a similar light curve to V1668 Cyg but reaches a much brighter peak,
e.g., point A in Figure 48. Figure 48 shows that t3 time is smaller for a brighter peak (point A) compared with t3 for
point B. (See also Figure 2 of Hachisu & Kato (2010) for the same trend of t3 time). This corresponds to a different
initial envelope mass for the same 0.98 M⊙ WD and chemical composition.
The solid cyan lines passing through points A, B, and C in Figure 51 indicates the degree of deviation from point
B, originating from the difference in the peak brightness (i.e., the difference in the initial envelope mass). In other
words, novae on the same WD mass show large scatter from the main trend of the thick solid cyan line in both sides
of brighter/fainter along the solid green lines of the 1.15, 1.05, 0.98, 0.85, 0.75, and 0.65 M⊙ WD models.
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Now we obtain the region that covers the scatter in Figure 51. Point A (t′3 = 16 days, m
′
V,max = 4.6) in Figure 48
corresponds to a larger envelope mass than point B. The solid cyan line passing through point A is
MV,max=2.5 log t3 + 4.6− 2.5 log 16− 14.6
=2.5 log t3 − 13.0, (B11)
from Equation (B9). The solid cyan line passing through point C (t′3 = 43 days, m
′
V,max = 7.9) has a different
t3–MV,max relation for a much smaller initial envelope mass (at point C in Figure 48), i.e.,
MV,max=2.5 log t3 + 7.9− 2.5 log 43− 14.6
=2.5 log t3 − 10.8, (B12)
from Equation (B9). In our theoretical understanding of novae, the smaller the mass accretion rate, the larger the
ignition mass. Thus, the envelope mass at the peak,Menv,0, is larger (see Figure 3 of Kato et al. 2014, for the ignition
mass vs. mass accretion rate).
Our theoretical MMRD relation of Equation (B10) is in good agreement with two well-known, empirically obtained
MMRD relations, Kaler-Schmidt’s law (MMRD1) in Equation (16) and Della Valle & Livio’s law (MMRD2) in Equation
(17). We plot these MMRD relations in Figure 51. Kaler-Schmidt’s law is denoted by the straight blue line with two
attendant blue lines, corresponding to ±0.5 mag brighter/fainter cases. Della Valle & Livio’s law is indicated by the
magenta solid lines, also with two attendant magenta lines of ±0.5 mag. These two well-known empirical MMRD
relations are very close to our theoretical MMRD relation.
In Figure 51, we also add observational MMRD points (filled red circles) for individual galactic novae, the data of
which are taken from Table 5 of Downes & Duerbeck (2000). It is clearly shown that the large scatter of individual
points from the two empirical MMRD relations (blue and magenta lines) falls into between upper/lower cases of our
MMRD relations for the largest (point A) and smallest (point C) initial envelope mass of Menv,0. This simply means
that there is a second parameter to specify the MMRD points for individual novae. As explained above, the main
parameter is the WD mass, represented by the timescaling factor fs. The second parameter is the initial envelope mass
(or the mass accretion rate onto the WD). This second parameter can reasonably explain the scatter of individual
novae from all the proposed empirical MMRD relations.
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